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PREFACE 
The i n v e s t i g a t i o n  presented  i n  t h i s  r e p o r t  i s  a f i r s t - r e s u l t  
increment of t h e  OHIA RAIN FOREST STUDY under Nat ional  Park Se rv i ce  
Contract  CX 8000 6 0006, from which i t  was p a r t i a l l y  funded. 
The s tudy  was r e s t r i c t e d  t o  wel l-drained s o i l s  i n  t h e  o h i a  
dieback t e r r a i n  on Mauna Kea and Mauna Loa and e s t a b l i s h e s  t h a t  t h e  
d i s t r i b u t i o n  of t h e  s o i l  fungus Phytophthora cinnamomi is  n o t  
c o r r e l a t e d  w i t h  t h e  dead s tanding  oh ia  t r e e s  on t h e s e  s i t e s .  
Therefore,  t h e  fungus cannot be considered t h e  k i l l e r  of oh ia  i n  t h e  
dieback t e r r a i n  as was formerly suspected.  The second p a r t  of t h e  
s tudy  focuses  on t h e  s u r v i v a l  behavior  of t h i s  fungus i n  oh ia  f o r e s t  
s o i l s  and i n d i c a t e s  t h a t  i t  can e x i s t  a s  a saprophyte.  Therefore ,  t h e  
fungus is  no t  a n  ob l iga to ry  p a r a s i t e  and i t  may be  considered one of 
t he  fungal  decomposers occurr ing  normally i n  well-drained oh ia  r a i n  
f o r e s t  s o i l s .  
The r e p o r t  con ta ins  t h e  main p a r t  of a Ph.D. d i s s e r t a t i o n  done 
under t h e  d i r e c t i o n  of D r .  Wen-hsing KO. Other members of t h e  
d i s s e r t a t i o n  committee were Minoru Aragaki, O l ive r  V.  Holtzmann, 
D ie t e r  Mueller-Dombois and Goro Uehara, a l l  of t h e  Univers i ty  of 
Hawaii. 
D i e t e r  Mueller-Dombois 
P r i n c i p a l  I n v e s t i g a t o r  
O H I A  RAIN FOREST STUDY 
ABSTRACT 
The popula t ion  of Phytophthora cinnamomi i n  s o i l s  and t h e  amount of 
oh ia  r o o t l e t s  i n f e s t e d  wi th  t h i s  fungus were determined a t  four  loca- 
t i o n s ,  each wi th  hea l thy  and d e c l i n e  f o r e s t  l oca t ed  c l o s e  toge the r .  The 
fungus was de t ec t ed  i n  34% of s o i l  samples c o l l e c t e d  from hea l thy  a r e a s  
and 29% of those  from dec l ine  a r e a s .  Average popula t ion  of - P. cinnamomi 
i n  hea l thy  a r e a s  (0.1-1.7 propagules/g s o i l )  w a s  no t  s i g n i f i c a n t l y  d i f -  
f e r e n t  from t h a t  i n  d e c l i n e  a r e a s  (0.1-2.2 propagules/g s o i l ) .  About 
37% of dec l in ing  t r e e s  and a l s o  37% of hea l thy  t r e e s  had r o o t l e t s  in-  
f e s t e d  wi th  - P. cinnamomi. Decl ining t r e e s  had an average of 5.2% 
r o o t l e t  segments i n f e s t e d  wi th  - P. cinnamomi, and hea l thy  t r e e s  had 9.4% 
wi th  t h i s  fungus. For a  t o t a l  of 199 oh ia  t r e e s  surveyed, t h e r e  was no 
c o r r e l a t i o n  between percentage of r o o t l e t s  i n f e s t e d  wi th  P. cinnamomi 
and s e v e r i t y  of t r e e  dec l ine .  There was no i n d i c a t i o n  t h a t  - P. cinnamomi 
i n  d e c l i n e  a r e a s  was more pathogenic than t h a t  i n  hea l thy  a reas .  These 
r e s u l t s  suggest  t h a t  P. cinnamomi is  no t  a  major cause of oh ia  dec l ine .  
By c o n t r a s t ,  i n  avocado t r e e  d e c l i n e  caused by - P.  cinnamomi, t h e  
populat ion of 1. cinnamomi i n  s o i l  c o l l e c t e d  from t h e  roo t  zone of de- 
c l i n i n g  t r e e s  was s i g n i f i c a n t l y  h ighe r  than t h a t  c o l l e c t e d  from hea l thy  
t r e e s .  The fungus w a s  i s o l a t e d  from 97% of t h e  dec l in ing  t r e e s .  
Moreover, t h e  s e v e r i t y  of t r e e  d e c l i n e  w a s  d i r e c t l y  c o r r e l a t e d  wi th  t h e  
percentage of r o o t s  i n f e s t e d  wi th  - P. cinnamomi. Decl ining t r e e s  had an  
average of 29.2% of roo t  segments i n f e s t e d  wi th  - P. cinnamomi whi le  
hea l thy  t r e e s  had only 8.7% wi th  t h i s  fungus. 
iv 
Colonies of - P. cinnamomi recovered from natural soil originated 
mainly from chlamydospores, and occasionally from zoospores. Chlamydo- 
spores occurred as free spores or imbedded in organic matter. Results 
of this study indicated that sporangia of - P. cinnamomi also existed in 
natural soil, and zoospores found on the isolation plates were released 
from sporangia during incubation. 
Among the three spore types of - P. cinnamomi tested, chlamydospores 
were the most persistent in soil, sporangia were intermediate, while 
zoospores were the least persistent. Survival of - P. cinnamomi in soil 
was better under moist than submerged conditions. The population of 
chlamydospores remained detectable for one year in moist soil, while 
only for 3 months in submerged soil. Similarly, over a 12-month 
period the population of - P.- cinnamomi in a naturally infested avocado 
soil declined faster under submerged than moist conditions. Results 
of survival studies also showed that - P. cinnamomi in the root tissue 
was more persistent than as free chlamydospores in soil. Under moist 
conditions, the percentage of root tissues from which the fungus was 
recovered declined only slightly after one year of incubation, while 
the population of chlamydospores in soil decreased to undetectable level 
in the same period. 
Phytophthora cinnamomi is a good saprophyte. It was able to 
colonize about 52% of ohia stem segments at a population as low as 10 
chlamydospores/g of soil. Among the three spore types of P. cinnamomi 
tested, chlamydospores were also the most effective in colonizing dead 
ohia stems, while colonization potential of motile and encysted zoo- 
spores was about the same. 
v 
Motility of zoospores is important in disease development. At 
inoculum level of 2.5 x lo3 propaguleslg of soil or above, encysted 
zoospores were the least infective to ohia seedlings, while infection 
potential of chlamydospores and motile zoospores was about the same. 
At inoculum levels below 2.5 x 103 propa&es/g of soil, however no 
significant difference in infection potential was found among these 
three spore types tested. 
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INTRODUCTION 
Phytophthora cinnamomi Rands is  an important  roo t - i n f ec t ing  fungus 
causing d i s e a s e s  on a  wide range of h o s t  p l a n t s  i n  many p a r t s  of t h e  
world. It causes  r o o t  r o t  of avocado (71) ,  and h a s  been r epo r t ed  as -  
s o c i a t e d  w i t h  l i t t l e l e a f  d i s e a s e  of P inus  r a d i a t a  i n  New Zealand (54) ,  
and A u s t r a l i a  (28), and - P. e c h i n a t a  i n  sou theas t e rn  United S t a t e s  (10).  
Phytophthora cinnamomi a l s o  has  been imp l i ca t ed  i n  t h e  s eve re  d e c l i n e  
of j a r r a h  (Eucalyptus marginata)  and o t h e r  n a t i v e  f o r e s t  tree s p e c i e s  
i n  A u s t r a l i a  (47, 48, 58, 75, 77).  
I n  Hawaii, - P. cinnamomi is  of s p e c i a l  i n t e r e s t  because of i t s  
wide occur rence  i n  t h e  o h i a  r a i n  f o r e s t s  (30, 34) .  It is  widespread 
on t h e  i s l a n d  of Hawaii (34) ,  and has  been i s o l a t e d  from r o o t s  of  
va r ious  p l a n t  s p e c i e s  (35). However, t h e  r o l e  of - P.  cinnamomi i n  o h i a  
d e c l i n e  i s  s t i l l  no t  c l e a r .  I f  - P. cinnamomi is t h e  major cause of 
oh i a  d e c l i n e ,  t h e  f i r s t  r u l e  of Koch's p o s t u l a t e s ,  v i z .  t h a t  of 
i n t i m a t e  a s s o c i a t i o n  of pathogen wi th  d i s ea sed  specimens should be  
sus t a ined .  Also, a s  an important  cause of oh i a  d e c l i n e ,  t h e  number of 
r o o t l e t s  i n f e c t e d  wi th  - P. cinnamomi should be  c o r r e l a t e d  wi th  t h e  se- 
v e r i t y  of t r e e  dec l ine .  I n  t h i s  s tudy ,  i n t e n s i v e  i s o l a t i o n s  of P. 
cinnamomi from s o i l s  and r o o t s  of o h i a  trees were conducted a t  f o u r  
l o c a t i o n s ,  each wi th  d e c l i n e  and hea l thy  a r e a s  l oca t ed  c l o s e  t oge the r  
i n  o r d e r  t o  e s t a b l i s h  t h e  a s s o c i a t i o n .  The a s s o c i a t i o n  was a l s o  
c l o s e l y  examined i n  d e c l i n i n g  avocado t r e e s  i n  which t h e  r o l e  of P. 
cinnamomi has  been w e l l  e s t a b l i s h e d .  
Phytophthora cinnamomi has  been shown t o  be  r e a d i l y  t r a n s p o r t e d  
from p l a c e  t o  p l a c e  by water  movement and by any a c t i v i t y  i nvo lv ing  
2 
s o i l  t r a n s p o r t a t i o n  (35, 55) .  However, t h e s e  s t u d i e s  do no t  adequately 
e x p l a i n  t h e  widespread occur rence  of t h i s  fungus. Very l i t t l e  i s  known 
how t h e  fungus e s t a b l i s h e s  i t s e l f  i n  t h e  new a r e a  a f t e r  be ing  d ispersed .  
Phytophthora cinnamomi produces chlamydospores, oospores ,  sporangia ,  
and zoospores  i n  o r  on h o s t  r o o t s  and i n  s o i l  (32, 51, 56). Although 
chlamydospores and zoospores  of - P. cinnamomi have been considered a s  
t h e  main s u r v i v a l  and i n f e c t i o n  s t r u c t u r e s ,  r e s p e c t i v e l y  (24, 26) ,  no 
comparisons had been made among t h e s e  spore  types  of P. cinnamomi a s  t o  
t h e i r  r e l a t i v e  p o t e n t i a l  f o r  i n f e c t i o n  of h o s t s  and s u r v i v a l  i n  s o i l .  
The type  of s t r u c t u r e  which co lon izes  o rgan ic  ma t t e r  i n  s o i l  i s  a l s o  
unknown. Therefore ,  t h e  s u r v i v a l  p o t e n t i a l  of zoospores ,  sporangia ,  
and chlamydospores of - P. cinnamomi i n  moist  and s a t u r a t e d  s o i l s  and t h e  
a b i l i t y  of zoospores  and chlamydospores t o  induce d i s e a s e  and t o  
co lon ize  s u b s t r a t e s  i n  s o i l  were a l s o  s tud i ed .  Oospores were not  in-  
cluded i n  t h e s e  s t u d i e s  because they were no t  found i n  r o o t s  o r  s o i l s  
c o l l e c t e d  from oh ia  f o r e s t s .  
\ CHAPTER I 
ASSOCIATION OF PHYTOPHTHORA CINNAMOMI W I T H  OHIA DECLINE 
LITERATURE REVIEW 
Phytophthora cinnamomi has been impl ica ted  i n  many l a r g e  s c a l e  
t r e e  d e c l i n e s ,  but i t s  c o n t r i b u t i o n  t o  d i f f e r e n t  t r e e  dec l ines  v a r i e s .  
The fol lowing s e c t i o n  i s  t o  review t h e  r e l a t i o n  of  P. cinnamomi t o  ohia  
d e c l i n e  and o t h e r  t h r e e  major t r e e  dec l ines .  
Ohia Decline 
Large s c a l e  dieback of f o r e s t  t r e e s  i nc lud ing  ohia  i n  Hawaii was 
no t i ced  a s  e a r l y  a s  1875 (13) .  The problem was r epor t ed  aga in  e a r l y  i n  
t h i s  century  (40, 42,  43, 44).  Recent concern about t h e  degenerat ion 
o r  dec l ine  of  oh ia  f o r e s t s  on t h e  i s l a n d  of  Hawaii (6 ,  39, 52) o r i g i -  
nated from t h e  observa t ions  of t h i s  phenomenon by Mueller-Dombois and 
Kra j ina  (53) dur ing  t h e i r  eco log ica l  s t u d i e s  under the  I s l a n d  Ecosystems 
I n t e g r a t e d  Research Program of  t h e  U.  S .  I n t e r n a t i o n a l  B io log ica l  
Program. The d e c l i n e  has  a f f e c t e d  thousands of a c r e s  of n a t i v e  ohia  
f o r e s t s  and t h e  a f f e c t e d  a r e a  has  increased  cons iderably  (57) .  Various 
fungi ,  i n s e c t s  and mammals had been considered a s  p o s s i b l e  causes of 
oh ia  d e c l i n e  ( 3 ,  6 ,  30, 33, 39). Phytophthora cinnamomi has  rece ived  
t h e  most a t t e n t i o n  among them because of i t s  r epo r t ed  a s s o c i a t i o n  wi th  
o t h e r  t r e e  dec l ines .  The fungus, i s o l a t e d  from r o o t s  of oh ia  t r e e s ,  
was shown t o  be a b l e  t o  cause oh ia  r o o t l e t  n e c r o s i s  by Kl ie junas  and 
KO i n  1973 (30 ) .  Phytophthora cinnamomi was found t o  be of widespread 
occurrence on t h e  i s l a n d  of Hawaii and was i s o l a t e d  from r o o t s  of both 
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endemic and introduced p l a n t  spec i e s  i n  22 d i f f e r e n t  p l an t  f ami l i e s  (3 ,  
34,  35) .  Although the  frequency of i s o l a t i o n  of  P. cinnamomi from 
d e c l i n e  a r e a s  was h ighe r  than  t h a t  from hea l thy  a r e a s ,  Kl ie junas  and KO 
(34) d id  n o t  cons ider  t h i s  fungus t o  be the  only cause of oh ia  dec l ine .  
Only 5 t o  30% of r o o t l e t s  of dec l in ing  t r e e s  was i n f e s t e d  wi th  P. 
cinnamomi and t h e  fungus could not  be de tec ted  i n  r o o t s  of d e c l i n i n g  
t r e e s  i n  t h r e e  d e c l i n e  a r e a s .  Moreover, the  popula t ion  of P. cinnamomi, 
i n  s o i l s  of d e c l i n e  and h e a l t h y  f o r e s t s  was about  t h e  same. 
Kl ie junas  and KO (32, 3 4 )  showed t h a t  d e c l i n i n g  t r e e s  produced 
numerous new leaves  and shoots  and appeared hea l thy  a f t e r  t rea tment  
wi th  complete f e r t i l i z e r  a lone  o r  i n  combination wi th  fungic ides ,  bu t  
no t  with fung ic ides  alone.  Thei r  r e s u l t s  have demonstrated t h a t  ohia  
d e c l i n e  symptoms a r i s e  from a n u t r i e n t  de f i c i ency  i n  the  t r e e .  However, 
t h e  exac t  cause of n u t r i e n t  de f i c i ency  i s  s t i l l  unknown. They suggested 
t h a t  i t  could be a  r e s u l t  of r o o t  i n f e c t i o n  by pathogens, low s o i l  
f e r t i l i t y ,  o r  a  combination of both. Recently,  Mueller-Dombois (52) 
has  proposed t h e  success ion  hypothesis  t o  exp la in  ohia  dec l ine .  He 
viewed t h e  dea th  of ohia  t r e e s  i n  t he  f o r e s t s  of t h e  i s l a n d  of Hawaii 
a s  a  normal phenomenon i n  t h e  primary success ion  of t he  r a i n  f o r e s t  
ecosystem on a n  i s o l a t e d  i s l a n d .  According t o  t h e  success ion  hypo- 
t h e s i s  t h e  ohia  d e c l i n e  i s  t he  r e s u l t  of s i t e  changes i n  combination 
wi th  replacement of t h e  pioneer  v a r i e t y  of Metrosideros by a  s e r a 1  
v a r i e t y ,  which i n  t u r n  i s  rep laced  by a  climax v a r i e t y .  
P ine  Decline 
Decl ine of p ine  t r e e s  which i s  commonly c a l l e d  l i t t l e l e a f  d i s e a s e  
occurs  i n  sou theas t e rn  United S t a t e s  on P. ech ina t a  ( l o ) ,  and i n  New 
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Zealand on g. r a d i a t a  (25, 54 ) .  L i t t l e l e a f  d i s e a s e  of - P .  r a d i a t a  has  
a l s o  been r epo r t ed  r e c e n t l y  i n  A u s t r a l i a  (28) .  Reports  gene ra l l y  ag ree  
t h a t  t h e  d i s e a s e  i s  a s s o c i a t e d  mainly with poor i n t e r n a l  d ra inage  and 
low f e r t i l i t y  of  s o i l  ( 1 ,  10,  15,  25, 28, 56, 81) .  The d i s e a s e  was 
c o n t r o l l e d  by a p p l i c a t i o n  of n i t r o g e n  f e r t i l i z e r  i n  ttie United S t a t e s  
(66,  67) and superphosphate i n  New Zealand (1 ,  14, 81) .  This  has  been 
cons idered  by Campbell and Copeland (10) evidence t h a t  l i t t l e l e a f  
symptoms a r i s e  from a  n u t r i e n t  de f i c i ency  i n  t r e e s .  
Phytophthora cinnamomi was i s o l a t e d  from r o o t l e t s  of both P. 
ech ina t a  and P. r a d i a t a  and was shown t o  be pathogenic  t o  both s p e c i e s  
of  p ine  (7 ,  9 ,  54) .  However, r e s u l t s  of many r e p o r t s  suggest  t h a t  P. 
cinnamomi may n o t  be t h e  major cause of  l i t t l e l e a f  d i s e a s e  of p ine .  
The fungus was d e t e c t e d  i n  s o i l  of  both d e c l i n e  and h e a l t h y  a r e a s  (8 ,  
10,  28, 54) .  Although g. cinnamomi was de t ec t ed  more f r equen t ly  i n  
s o i l  under d i s ea sed  t r e e s  t han  h e a l t h y  t r e e s ,  t h e r e  was no c o r r e l a t i o n  
between t h e  abundance of t h i s  fungus i n  s o i l  and t h e  s e v e r i t y  of t h e  
d i s e a s e  (9 ,  54,  56) .  I n  t h e  United S t a t e s ,  P. cinnamomi was i s o l a t e d  
on ly  from 2% of t h e  r o o t s  of d i s ea sed  t r e e s  (9)  and i n  A u s t r a l i a ,  i t  
was i s o l a t e d  from only  1 out  o f  258 t r e e s  showing symptoms of l i t t l e -  
l e a f  (20) .  
Eucalypt Dec l ine  
According t o  A u s t r a l i a n  p l a n t  p a t h o l o g i s t s ,  d e c l i n e  of Eucalyptus 
i n  A u s t r a l i a  was f i r s t  no t i ced  i n  1921 and recorded about  1928 (58, 59) .  
However, i t  a c t u a l l y  had been r epo r t ed  much e a r l i e r  than  t h a t .  When 
Clarke  (13) r epo r t ed  t h e  l a r g e  s c a l e  degenera t ion  of  var ious  t r e e  
s p e c i e s  i n  Hawaii i n  1875, he  a l s o  mentioned t h a t  dying ou t  of 
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Eucalyptus i n  many l o c a l i t i e s  of  A u s t r a l i a  had been r epo r t ed  i n  a n  
A u s t r a l i a n  paper .  
I n  A u s t r a l i a  I?-. cinnamomi occurs  i n  a  wide range of f o r e s t ,  wood- 
l and ,  and hea th  communities. The fungus causes  a  s eve re  dieback of  
j a r r a h  (E. - marginata)  i n  wes te rn  A u s t r a l i a  (58, 59 ) ,  and has  been r e -  
por ted  t o  be a s s o c i a t e d  wi th  many o t h e r  n a t i v e  p l a n t  spec i e s  i nc lud ing  
va r ious  s p e c i e s  of  Eucalyptus i n  o t h e r  p a r t s  of A u s t r a l i a  (29, 48, 55, 
75, 78, 80) .  There i s  a  gene ra l  acceptance of P. cinnamomi a s  t h e  
major cause of euca lypt  dieback i n  A u s t r a l i a .  The fungus was i n t i -  
mately a s s o c i a t e d  wi th  t h e  d i s e a s e ,  and had never been i s o l a t e d  from 
h e a l t h y  f o r e s t s  d e s p i t e  repea ted  a t tempts  (47, 75, 76 ,  77, 80).  The 
spread  of P. cinnamomi was a s s o c i a t e d  with logging, road making, and 
water  and v e h i c l e  movements, and t h e  ex tens ion  of t h e  d i s e a s e  a l s o  
followed t h e  same p a t t e r n  (77, 78, 80) .  Koch's p o s t u l a t e s  had been 
s a t i s f i e d  under f i e l d  condi t ions  and t y p i c a l  dieback symptoms were 
produced on p rev ious ly  h e a l t h y  mature t r e e s  a f t e r  pu re -cu l tu re  inoc-  
u l a t i o n  (58) .  I n  a d d i t i o n ,  dieback symptoms on eucalypt t r e e s  d i s -  
appeared and t h e  spread of d i s e a s e  was prevented when t h e  d i s e a s e  a r e a s  
were t r e a t e d  wi th  fungic ides  (76, 77). 
Avocado Decl ine 
Avocado r o o t  r o t  caused by P. cinnamomi was f i r s t  r epo r t ed  by 
Tucker i n  1929 (71) ,  and t h e  fungus was subsequent ly  shown t o  be t h e  
main cause of avocado d e c l i n e  (18, 86) .  Phytophthora cinnamomi had 
been shown t o  be i n t i m a t e l y  a s s o c i a t e d  wi th  d e c l i n i n g  avocado trees 
(18, 23).  Cranda l l  (18) was a b l e  t o  i s o l a t e  - P. cinnamomi from 97% of 
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t h e  r o o t l e t s  of d i seased  t r e e s  during t h e  wet season. A survey made i n  
C a l i f o r n i a  by Harvey (23) showed t h a t  r o o t s  of 164 ou t  of 307 d e c l i n i n g  
t r e e s  were i n f e c t e d  wi th  P. cinnamomi. Many of t h e  143 dec l in ing  t r e e s  
which were not  i n f e c t e d  by t h e  fungus showed evidence of improper ca re .  
Of t h e  268 h e a l t h y  t r e e s  surveyed, 222 were no t  i n f e c t e d  by P .  
cinnamomi. A l l  46 hea l thy  t r e e s  t h a t  y ie lded  P .  cinnamomi were i n  
c l o s e  proximity t o  d e c l i n i n g  t r e e s .  Phytophthora r o o t  r o t  of avocado 
had been c o n t r o l l e d  by t rea tment  of s o i l  with steam, c h l o r o p i c r i n  and 
a l f a l f a  meal i n  t h e  greenhouse (83, 86) and by repea ted  a p p l i c a t i o n  
of  Dexon i n  t h e  f i e l d  (84) .  
Necess i ty  f o r  abundant s o i l  moisture i n  t h e  development of 
Phytophthora r o o t  r o t  of avocado had been r epor t ed  f r equen t ly  (18, 71, 
73, 86, 87 ) .  Abundant s o i l  moisture was shown t o  favor  spore  produc- 
t i o n  and i n f e c t i o n  by t h e  pathogen (85) .  Root i n j u r y  by l ack  of oxygen 
o r  accumulation of m a t e r i a l s  such a s  n i t r i t e  under h igh  s o i l  moisture 
cond i t i ons  was shown t o  be i n s i g n i f i c a n t  i n  d i s e a s e  development (19,  
85 ) .  
MATERIALS AND METHODS 
Desc r ip t ion  of Ohia F o r e s t s  under I n v e s t i g a t i o n  
The ohia  f o r e s t  s t ands  s e l e c t e d  f o r  t h i s  s tudy  ( h e r e a f t e r  r e f e r r e d  
t o  a s  l o c a t i o n  Nos. 1, 2 ,  3 ,  4 ,  5 ,  6 ,  7 ,  and 8 )  were loca t ed  on the  
i s l a n d  of Hawaii (F ig .  1 ) .  S o i l  and roo t  i s o l a t i o n s  of P. cinnamomi 
were conducted i n  t h e  f i r s t  four  l o c a t i o n s ,  each with d e c l i n e  and 
h e a l t h y  ohia  f o r e s t s  l oca t ed  c l o s e  toge the r  (F ig .  2 ) .  S o i l  
?ig. 1. Locations of ohia forest stands selected for the present study. 
The elevational contours and isohyet lines are illustrated. 
F i g .  2 .  D e c l i n e  (A) and h e a l t h y  ( B )  o h i a  f o r e s t s  
a t  l o c a t i o n  No. 2 .  They a r e  l o c a t e d  c l o s e  
t o g e t h e r .  
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c h a r a c t e r i s t i c s ,  e l e v a t i o n ,  annual r a i n f a l l ,  and mean s o i l  temperature 
of t hese  e i g h t  l o c a t i o n s  a r e  surmnarized i n  Table 1 ( 6 9 ) .  
Popula t ion  Determination of  Phytophthora cinnamomi i n  S o i l  
Twenty s o i l  samples, combined from f i v e  subsamples each, were 
c o l l e c t e d  from each h e a l t h y  and d e c l i n e  a r e a s  a t  l o c a t i o n  Nos. 1, 2, 3 ,  
and 4 .  Samples were taken from a  depth of 0-10 cm a f t e r  t h e  su r f ace  
l i t t e r s  were c l ea red .  Twenty s o i l  samples were s i m i l a r l y  c o l l e c t e d  
beneath dec l in ing  avocado t r e e s  and another  20 samples beneath hea l thy  
avocado t r e e s  i n  Puna and Kona a r e a s  on t h e  i s l a n d  of Hawaii. The 
popula t ion  of P. cinnamomi i n  each s o i l  sample was determined by us ing  
a  combination of wet s i e v i n g  and t h e  s e l e c t i v e  medium ( 4 5 ) .  F i f t y  g  of 
s o i l  was passed through a  38 P s i e v e  wi th  300 m l  of t a p  water .  The 
f i l t r a t e  was c o l l e c t e d ,  and t h e  m a t e r i a l s  r e t a i n e d  by t h e  s i e v e  was 
washed i n t o  a  400 m l  beaker with t a p  water  t o  a  t o t a l  volume of 300 m l .  
For t h e  f i r s t  40 s o i l  samples c o l l e c t e d  from l o c a t i o n  No. 1, t h e  
p o r t i o n  r e t a ined  by t h e  s i e v e  and the  f i l t r a t e  were p l a t e d  s e p a r a t e l y  
on the  medium. Phytophthora cinnamoni was recovered only  from the  
po r t ions  r e t a ined  by t h e  s i e v e  but  no t  from the  f i l t r a t e s .  Therefore ,  
on ly  t h e  m a t e r i a l s  r e t a i n e d  by the  s i e v e  were p l a t e d  on t h e  medium i n  
subsequent samples. A f t e r  s i ev ing ,  3  m l  of s o i l  suspension was p l a t e d  
on each p l a t e ,  and 1 0  p l a t e s  were used per  s o i l  sample. A f t e r  36 h r  
of incubat ion  a t  24 C ,  p l a t e s  were gen t ly  washed f r e e  from s o i l  pa r -  
t i c l e s  with t h e  running t a p  water ,  and t h e  number of - P.  cinnamomi 
co lon ie s  on each p l a t e  was counted under a  d i s s e c t i n g  microscope a t  
30 X .  Since mycelia of - P .  cinnamomi were h igh ly  branched and cons i s t ed  
Table 1. S o i l  c h a r a c t e r i s t i c s ,  e l e v a t i o n ,  annual r a i n f a l l ,  and mean s o i l  temperature 
of e i g h t  l o c a t i o n s  of ohia  f o r e s t s  s e l e c t e d  f o r  s tudy  (69) 
Locat ion S o i l  type 
Mean s o i l  E leva t ion  Annual r a i n f a l l  temperature 
(m) (cm) (C) 
1 Keaukaha s e r i e s ,  wel l-drained,  t h i n  415 230-380 22-23 
organic  s o i l  over pahoehoe lava  
bedrock, s t r o n g l y  a c i d  
2 Kiloa s e r i e s ,  wel l -dra ined ,  t h i n  966 230-380 18 -19 
extremely s tony  organic  s o i l  over 
f ragmental  a a  lava ,  s t rong ly  a c i d  
3  Kekake s e r i e s ,  wel l -dra ined ,  t h i n  1128 130-200 11-13 
organic  s o i l  over pahoehoe lava 
bedrock, s t r o n g l y  ac id  
4 ,  5 ,  6 Keei s e r i e s ,  wel l-drained,  t h i n  1000-1506 230-380 17-18 
7 and 8  organic  s o i l  over ly ing  pahoehoe 
lava  bedrock, s t r o n g l y  a c i d  
of abundant swollen v e s i c l e s ,  co lonies  of t h i s  fungus were 
d i s t i n g u i s h a b l e  from those  of o t h e r  Pythiaceous fungi  which were a l s o  
capable of growing on t h e  s e l e c t i v e  medium. Colonies considered t o  be 
P. cinnamomi were marked on the  bottom of p e t r i  p l a t e ,  and they were 
- 
examined a g a i n  a f t e r  another  3 days of incubat ion  under t h e  same condi- 
t i o n s .  The fungus produced chlamydospores u s u a l l y  i n  clumps on the  
medium w i t h i n  4 days of incubat ion .  
By us ing  t h i s  method about  83% of g. cinnamomi was recovered from 
s o i l  a r t i f i c i a l l y  inocula ted  wi th  chlamydospores of t h i s  fungus. For 
those  s o i l  samples from which - P. cinnamomi was not recovered by the  
use  of t h i s  method, i s o l a t i o n  was repea ted  us ing  t h e  lup ine  b a i t i n g  
technique of Chee and Newhook (11).  However, r e s u l t s  were a l l  negat ive.  
Root I s o l a t i o n  
Root samples were c o l l e c t e d  from 20 hea l thy  t r e e s  from each 
h e a l t h y  a r e a  and 20 dec l in ing  t r e e s  from each dec l ine  a r e a  a t  l o c a t i o n  
Nos. 1, 2, 3 ,  and 4 ,  and from 39 dec l in ing  t r e e s  a t  t he  o t h e r  four  
l o c a t i o n s .  Each r o o t  sample cons i s t ed  of t h r e e  subsamples which were 
dug out  from w i t h i n  1 m around t runk base of t r e e .  The percentage of 
crown dieback f o r  each t r e e  was es t imated  v i s u a l l y .  Because most 
r o o t l e t s  were dark brown, t h e  n e c r o t i c  l e s i o n s  were not  d i s t i n g u i s h a b l e  
from t h e  h e a l t h y  t i s s u e  even a f t e r  washing. A s  a  r e s u l t ,  100 segments 
(1.5 cm long wi th  diameter  l e s s  than 2  mm) were c u t  a t  random from 
n e c r o t i c  and h e a l t h y  r o o t l e t s  of each r o o t  sample. They were p l a t e d  
on t h e  s e l e c t i v e  medium a f t e r  washing under running t a p  water  f o r  1 h r  
( a t  t he  r a t e  of about  5 l i t e r s l m i n ) ,  o r  sometimes overnight  ( a t  t he  
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rate of about 1 literlmin), followed by surface sterilization with 0.5% 
NaOCl for 30 sec and single rinse in sterilized distilled water. The 
number of rootlet segments from which P. cinnamomi was recovered was 
determined under dissecting microscope after 48 hr of incubation at 
24 C. 
Inoculation Tests 
Ohia seedlings of 8-17 cm in height were transplanted to soils 
collected from healthy and decline areas at location Nos. 1, 2, and 3. 
Three 1.5-liter containers with five seedlings in each were used for 
each soil sample, and the experiment was repeated once. Soil samples 
collected from the same areas were also used to inoculate ohia trees 
of 1.5-4.8 m in height grown in an area where P. cinnamomi had not been 
isolated. Three lateral roots per tree about 1 m around the trunk 
perimeter were uncovered from aa rock. A plastic bag was placed 
underneath each lateral root and about 1,400 g of soil was then placed 
around it. Inoculated roots were covered with aa rock again. Three 
trees were used for each soil sample, and the experiment was repeated 
once. For controls autoclaved soil, composite of soil samples from 
three locations, was used in both greenhouse and field tests. Per- 
centages of rootlet segments infected with P. cinnamomi were determined 
one month after inoculation by the same method as described previously. 
Population of Phytophthora cinnamomi in Soil 
Ohia forests - -  The population of g. cinnamomi in soils was de- 
termined at four locations, each with healthy and decline areas located 
c l o s e  toge the r .  The fungus was de tec ted  i n  34% of  s o i l  samples 
c o l l e c t e d  from hea l thy  a r e a s  and 29% of those from dec l ine  a r e a s  
(Fig.  3 ) .  It was most f r equen t ly  i s o l a t e d  from s o i l s  of l o c a t i o n  
No. 1 where i t  was de tec ted  i n  55% of s o i l  samples of hea l thy  a r e a ,  
and 65% of t hose  of d e c l i n e  a r e a .  A t  t h e  o t h e r  t h r e e  l o c a t i o n s ,  t h e  
fungus was de t ec t ed  i n  l e s s  than  30% of s o i l  samples with the  except ion 
of h e a l t h y  a r e a  a t  l o c a t i o n  No. 2 which had 42% of s o i l  samples with 
P .  cinnamomi. The percentage of s o i l  samples under each popula t ion  
- 
c l a s s  was about t he  same between hea l thy  and d e c l i n e  a r e a s  a t  each 
l o c a t i o n  o r  i n  t o t a l  combination. The average populat ion of P. 
cinnamomi was 1.7 and 2 . 2  propaguleslg of s o i l ,  r e s p e c t i v e l y ,  i n  
h e a l t h y  and d e c l i n e  a reas  a t  l o c a t i o n  No. 1, whi le  t h a t  of t h e  o t h e r  
t h r e e  l o c a t i o n s  was lower than 1.0 propagule/g of s o i l  (Table 2 ) .  The 
popula t ion  of P. cinnamomi i n  s o i l s  c o l l e c t e d  from hea l thy  a r e a s  was 
n o t  s i g n i f i c a n t l y  d i f f e r e n t  from those c o l l e c t e d  from dec l ine  a r e a s .  
Avocado s o i l  --  Phytophthora cinnamomi was de tec ted  i n  about  65% 
of s o i l  samples c o l l e c t e d  from t h e  roo t  zone of dec l in ing  avocado 
t r e e s ,  but  was de t ec t ed  i n  only  30% of those  taken from hea l thy  
avocado t r e e s .  The popula t ion  of t h i s  fungus i n  s o i l s  under hea l thy  
t r e e s  averaged 0.2 propagule/g of s o i l .  On t h e  con t r a ry ,  t h e  popula- 
t i o n  i n  s o i l s  under d e c l i n i n g  t r e e s  averaged 11.0 propaguleslg of s o i l  
which was about  50 times t h a t  of hea l thy  t r e e s .  The h ighes t  l e v e l  of 
P .  cinnamomi i n  s o i l s  c o l l e c t e d  under dec l in ing  avocado t r e e s  was 52 
- 
propagules lg  of s o i l .  
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Fig .  3 .  Comparison of popula t ion  of Phytophthora 
cinnamomi i n  s o i l s  taken from h e a l t h y  and 
d e c l i n e  ohia  f o r e s t s  a t  four  l oca t ions .  
Table 2. Comparison of average population of Phytophthora 
cinnamomi in healthy and declining ohia forests 
at four locations 
Location 
Popula t iona 
(No. propagules/g of soil) 
Healthy area Decline area 
1 1.7 A B ~  
2 0 . 6  BC 
3 0.1 C 
4 1.0 BC 
Average 0.9 
a~verage of 20 soil samples, each consisting of five subsamples. 
b~uncan's multiple range test: means followed by the same 
letter are not significantly different at P = 0.05. Analysis 
of data of total samples was done separately. 
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I s o l a t i o n  of Phytophthora cinnamomi from Root le t s  of Ohia and Avocado 
Trees 
Ohia - -  When ohia  r o o t l e t s  and r o o t  s e c t i o n s  with diameters  g r e a t e r  
-
t han  2 mm taken from 10 t r e e s  were s e p a r a t e l y  p l a t e d  on t h e  s e l e c t i v e  
medium, P. cinnamomi was recovered only from r o o t l e t s ,  but  not  from 
l a r g e r  r o o t  s e c t i o n s .  Therefore ,  f o r  ohia  only  r o o t l e t s  ( l e s s  than  
2  mm i n  diameter)  were p l a t e d  ou t  i n  a l l  t h e  subsequent s t u d i e s .  
About 37% of d e c l i n i n g  t r e e s  and a l s o  37% of h e a l t h y  t r e e s  had r o o t l e t s  
i n f e s t e d  wi th  P. - cinnamomi (Fig.  4 ) .  The average number of r o o t l e t s  
from which P. cinnamomi was i s o l a t e d  was about t he  same f o r  d e c l i n i n g  
and h e a l t h y  t r e e s  a t  l o c a t i o n  Nos. 2, 3 ,  and 4 (Table 3 ) .  A t  l o c a t i o n  
No. 1, hea l thy  t r e e s  had h ighe r  percentages of r o o t l e t s  i n f e s t e d  wi th  
t h e  fungus than  t h a t  of d e c l i n i n g  t r e e s .  However, when t h e  da t a  of 
t h e  four  l o c a t i o n s  were combined, t h e  number of r o o t l e t s  wi th  - P. 
cinnamomi from h e a l t h y  and d e c l i n i n g  t r e e s  was about  t h e  same. De- 
c l i n i n g  t r e e s  had an average of 5.2% r o o t l e t  segments i n f e s t e d  wi th  
Ij_. cinnamomi, and hea l thy  t r e e s  had 9.4% with t h i s  fungus. 
Avocado -- Root samples of 20 h e a l t h y  and 60 dec l in ing  avocado 
t r e e s  were c o l l e c t e d  from t h e  d i s t r i c t s  of  Puna and Kona on the  i s l a n d  
of Hawaii. The h e a l t h y  t r e e s  were growing i n  c l o s e  proximity t o  t he  
d e c l i n i n g  t r e e s .  Phytophthora cinnamomi was i s o l a t e d  from r o o t s  of 
97% of dec l in ing  avocado t r e e s ,  and a l s o  from 75% of h e a l t h y  avocado 
t r e e s .  However, percentage of r o o t s  i n f e s t e d  with t h i s  fungus of 
d e c l i n i n g  t r e e s  was s i g n i f i c a n t l y  h ighe r  than t h a t  of h e a l t h y  t r e e s .  
Decl in ing  t r e e s  had an  average of 29.2% roo t  segments i n f e s t e d  with P. 
cinnamomi, whi le  h e a l t h y  t r e e s  had only 8.7% wi th  t h i s  fungus. 
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Table 3. Comparison of average of rootlets infested with Phytophthora 
cinnamomi of healthy and declining ohia trees at four loca- 
tions, in individual or in total combination 
Location 
Rootlet segments infested 
with P .  cinnamomi (%)a 
Healthy trees Declining trees 
Average 9.4 5.2 
a~verage of 20 ohia trees, 100 rootlet segments from each root 
sample being plated on the selective medium and assayed for the 
presence of P. cinnamomi. 
b~uncan's multiple range test: means followed by the same letter 
are not significantly different at P = 0.05. Analysis of data 
of total samples was done separately. 
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Moreover, the difference in the root appearance between declining and 
healthy avocado trees was also striking. Most of the feeder roots of 
declining avocado trees were completely rotted. Consequently, root 
isolations could be made only from larger roots, 3-10 mm in diameter. 
On the contrary, root samples taken from healthy trees contained 
abundant feeder roots, and isolations were made from these feeder roots 
for heal thy trees. 
Relationship between Abundance of Phytophthora cinnamomi in Rootlets 
and Severity of Tree Decline 
Ohia -- In the total of 199 ohia trees, there was no correlation 
-
between percentage of rootlets infested with P. cinnamomi and severity 
of tree decline (Fig. 5). The calculated regression equation, 
Y = -0.02 X + 34.13 had a correlation coefficient of -0.01 which is 
not significantly different from zero at P = 0.05. 
Avocado -- With a total of 80 avocado trees, severity of tree 
decline was directly correlated with percentage of roots infested with 
P. cinnamomi (Fig. 6). The calculated regression equation, 
- 
Y = 0.91 X + 25.34 had a correlation coefficient of 0.54 which is 
significantly different from zero at P = 0.01. 
Infection Potential of Soils Collected from Healthy and Decline Ohia 
Forests 
When ohia seedlings were grown for one month in soils collected 
from healthy or decline areas of location Nos. 2 and 3, the percentage 
of rootlets infested with P. cinnamomi was about the same (Table 4). 
However, more rootlets were infested with the fungus in healthy than 
PERCENT R O O T L E T  I i l F E S T E D  \:'ITH 
P. C I NNAMOM I 
- 
Fig .  5. Rela t ionship  between amount of r o o t l e t s  i n f e s t e d  with 
Phytophthora cinnamomi and s e v e r i t y  of dec l ine  f o r  t he  
combined da t a  of 199 ohia  t r e e s  c o l l e c t e d  from e i g h t  
l oca t ions .  The c o r r e l a t i o n  c o e f f i c i e n t  i s  -0.01 which 
i s  no t  s i g n i f i c a n t l y  d i f f e r e n t  from zero a t  P = 0.05. 
The f i g u r e  immediately abwe each po in t  i n d i c a t e s  t h e  
number of t r e e s .  
PERCENT ROOTLET I N F E S T E D  W I T H  
Fig. 6. Relationship between amount of roots infested with 
Phytophthora cinnamomi and severity of decline for the 
combined data of 80 avocado trees taken from four fields. 
The correlation coefficient is 0.54 which is significantly 
different from'zero at P = 0.01. The figure immediately 
above each point indicates the number of trees. 
Table 4. Greenhouse comparison of infection potential 
of soils collected from healthy and decline 
areas at three locations 
Location 
Infection potentials 
(% rootlets with I?-. cinnamomi) 
Healthy soil Decline soil 
1 40.3 ~b 23.3 B 
2 12.3 BC 4 . 0  C 
3 0.0 C 0.0 C 
Control 0.0 0.0 
aAverage of six pots, five ohia seedlings per pot. 
beans followed by the same letter are not significantly dif- 
ferent at P = 0.05. 
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i n  dec l ine  s o i l s  from l o c a t i o n  No. 1. S imi l a r  r e s u l t s  were obta ined  i n  
t he  f i e l d  t e s t s  wi th  l a r g e r  oh ia  t r e e s  (Table 5 ) .  Therefore,  t h e r e  was 
no i n d i c a t i o n  t h a t  P. cinnamomi i n  dec l ine  a r e a s  was more pathogenic 
than  i n  h e a l t h y  a r e a s .  
DISCUSSION 
Phytophthora cinnamomi has been suspected t o  be t h e  p o s s i b l e  
primary cause of ohia  d e c l i n e  f o r  t h e  fol lowing reasons: ( i )  t he  
fungus was i s o l a t e d  from r o o t l e t s  of ohia  t r e e s  and was a b l e  t o  cause 
r o o t l e t  n e c r o s i s  and death of ohia  s eed l ings  and small  t r e e s  i n  
greenhouse t e s t s  (30);  ( i i )  i t  was found t o  be of widespread occurrence 
i n  ohia  f o r e s t s  and was de t ec t ed  more f r equen t ly  i n  dec l in ing  f o r e s t s  
than  i n  h e a l t h y  f o r e s t s  (34,  35);  and ( i i i )  i t  has  been a s s o c i a t e d  
with o t h e r  t r e e  dec l ines .  A s  t he  major cause of oh ia  d e c l i n e ,  one 
would expect  a  cons tan t  a s s o c i a t i o n  of P. cinnamomi with d e c l i n i n g  
ohia  t r e e s  ( f i r s t  r u l e  of proof of Koch's P o s t u l a t e s )  (64) .  Resul t s  
of t h i s  s tudy  showed t h a t  P. cinnamomi was not  c o n s i s t e n t l y  a s soc i a t ed  
with d e c l i n i n g  ohia  t r e e s .  The fungus was i s o l a t e d  from 37% of de- 
c l i n i n g  t r e e s ,  but  approximately the  same percentage of hea l thy  t r e e s  
were a l s o  wi th  r o o t l e t s  i n f e s t e d  with t h i s  fungus. Kl ie junas  and KO 
(34) a l s o  f a i l e d  t o  i s o l a t e  P. cinnamomi from r o o t s  of d e c l i n i n g  t r e e s  
i n  t h r e e  d e c l i n e  a r e a s .  Also,  a s  a n  important cause of ohia  d e c l i n e ,  
t he  number of r o o t l e t s  i n f e c t e d  with I)-. cinnamomi should be c o r r e l a t e d  
with t h e  s e v e r i t y  of t r e e  dec l ine .  Among 199 t r e e s  surveyed i n  t h i s  
s tudy ,  t h e r e  was no c o r r e l a t i o n  between s e v e r i t y  of t r e e  d e c l i n e  and 
percentage of r o o t l e t s  i n f e s t e d  with P. cinnamomi. I n  f a c t  P. 
Table 5 .  F i e l d  comparison of i n f e c t i o n  p o t e n t i a l  of 
s o i l s  c o l l e c t e d  from h e a l t h y  and d e c l i n e  
a reas  a t  t h r e e  loca t ions  
-- -- 
I n f e c t i o n  p o t e n t i a l a  
Locat ion (% r o o t l e t s  wi th  - P .  cinnamomi) 
Healthy s o i l  Decl ine s o i l  
Control  0 .0  0.0 
aAverage of two r e p l i c a t e s ,  t h r ee  ohia  t r e e s  per  r e p l i c a t e .  
beans followed by t he  same l e t t e r  a r e  not  s i g n i f i c a n t l y  d i f -  
f e r e n t  a t  P = 0.05. 
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cinnamomi could not  be de t ec t ed  i n  r o o t s  of t h r e e  r e c e n t l y  dead t r e e s  
and t h r e e  s e r i o u s l y  dec l in ing  t r e e s  (F ig .  5 ) .  These r e s u l t s  suggest  
t h a t  P. cinnamomi i s  not  a  major cause of oh ia  dec l ine .  
E f f e c t  of r o o t l e t  n e c r o s i s  caused by P. cinnamomi on t h e  growth of 
oh ia  t r e e s  appears  t o  be minimal. Resul t s  of i s o l a t i o n  s tudy  showed 
t h a t  37% of hea l thy  ohia  t r e e s  were a l s o  with r o o t l e t s  i n f e s t e d  with 
t h i s  fungus. Moreover, 5  out  of 80 ohia  t r e e s  surveyed had more than  
50% of t h e i r  r o o t l e t s  i n f e s t e d  wi th  P. cinnamomi and ye t  showed no 
d e c l i n i n g  symptoms (Fig .  5 ) .  It i s  not known whether i n f e c t i o n  of - P. 
cinnamomi occurs  a f t e r  t h e  ohia  r o o t l e t s  a r e  dead o r  when they a r e  s t i l l  
a l i v e .  Phytophthora cinnamomi i s  a  good saprophyte,  a s  i n d i c a t e d  i n  
t h e  second p a r t  of present  s tudy;  i t  r e a d i l y  invades dead ohia  t i s s u e s  
i n  t h e  s o i l .  Therefore ,  t h e  a s s o c i a t i o n  of P. cinnamomi with ohia  
r o o t l e t s  may be of saprophyt ic  na tu re .  
The dea th  of  ohia  s eed l ings  and small  oh ia  t r e e s  r e s u l t i n g  from 
i n o c u l a t i o n  with P .  - cinnamomi i n  t he  greenhouse (30) was probably due 
t o  t h e  use  of exces s ive ly  l a r g e  amounts of inoculum (40,000 zoospores/ 
s eed l ing  o r  1 p l a t e  of cu l tu re / sma l l  t r e e ) .  I n  dec l ine  a r e a s  t h e  
average popula t ion  of P. cinnamomi ranged only from 0.1-2.2 propagules/g 
of s o i l  (Table 2 ) .  Moreover, according t o  t h e  d e c l i n e  survey, small  
oh ia  t r e e s  were gene ra l ly  h e a l t h y  i n  appearance and no dead small  
t r e e s  were observed i n  dec l in ing  f o r e s t s  (34).  
Phytophthora cinnamomi was i s o l a t e d  from s o i l s  of a l l  t h e  l oca -  
t i o n s  chosen f o r  t he  p re sen t  s tudy .  The popula t ion  of t h e  fungus i n  
s o i l s  c o l l e c t e d  from d e c l i n e  a r e a s  was about t h e  same a s  t h a t  c o l l e c t e d  
from h e a l t h y  a r e a s .  These r e s u l t s  a r e  i n  accord with those of 
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Kl i e junas  and KO (34) who a l s o  showed no s i g n i f i c a n t  d i f f e r e n c e  between 
P .  cinnamomi popula t ion  i n  s o i l  of dec l ine  and h e a l t h y  f o r e s t s .  I n  an  
- 
i s l a n d  wide survey,  Kl ie junas  and KO (34) r epo r t ed  t h a t  t he  frequency 
of i s o l a t i n g  E. cinnamomi from d e c l i n e  a r e a s  was h ighe r  than t h a t  from 
h e a l t h y  a r e a s .  I n  t he  p re sen t  s tudy t h e  d i f f e r e n c e  i n  environmental 
condi t ions  i n  d e c l i n e  and hea l thy  a r e a s  a t  l o c a t i o n  Nos. 1, 2 ,  3 ,  
and 4  was minimal because they were c l o s e  toge the r .  Under such condi- 
t i o n s  P. cinnamomi popula t ion  va r i ed  among t h e  l o c a t i o n s ,  but d id  no t  
d i f f e r  s i g n i f i c a n t l y  between d e c l i n e  and h e a l t h y  a reas  a t  each loca-  
t i o n  (Fig.  3 ;  Table 2 ) .  This  sugges ts  t h a t  t h e  d i f f e r e n c e  noted i n  
t h e i r  s tudy  may be a  r e s u l t  of v a r i a t i o n s  of environmental condi t ions  
which in f luence  t h e  d i s t r i b u t i o n  of P. cinnamomi i n  s o i l .  E f f e c t s  of 
environmental condi t ions  on d i s t r i b u t i o n  of - P .  cinnamomi i n  s o i l  have 
been documented ( 4 6 ,  48, 77, 79) .  
Resul t s  of s o i l  and roo t  i s o l a t i o n  a l s o  showed t h a t  t he  amount of 
r o o t l e t s  i n f e s t e d  with El. cinnamomi was c o r r e l a t e d  wi th  t h e  popula t ion  
of t h i s  fungus i n  s o i l  (F igs .  3 ,  4 ) .  For i n s t ance ,  t he  fungus was de-  
t e c t e d  i n  r o o t l e t s  of  95% of both h e a l t h y  and dec l in ing  ohia  t r e e s  a t  
l o c a t i o n  No. 1 where t h e  popula t ion  of t h i s  fungus i n  s o i l  was t h e  
h i g h e s t  among t h e s e  four  l oca t ions  t e s t e d .  On the  con t r a ry ,  El. 
cinnamomi was de t ec t ed  i n  r o o t l e t s  of 1 ou t  of 40 t r e e s  surveyed a t  
l o c a t i o n  No. 3 ,  and t h e  fungus was de t ec t ed  i n  2 out  of 40 s o i l  samples 
c o l l e c t e d  from the re .  This  was f u r t h e r  supported by t h e  r e s u l t s  of  
i n o c u l a t i o n  t r i a l s .  S o i l s  c o l l e c t e d  from l o c a t i o n  No. 1 caused much 
more r o o t l e t  n e c r o s i s  than those  from l o c a t i o n  No. 3  i n  both green-  
house and f i e l d  t e s t s .  
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Phytophthora cinnamomi has  a l s o  been impl ica ted  i n  many o t h e r  t r e e  
d e c l i n e s ,  but i t s  c o n t r i b u t i o n  t o  d e c l i n e  of  d i f f e r e n t  t r e e  spec i e s  
v a r i e s .  Severa l  l i n e s  of  evidence suggested t h a t  P. cinnamomi i s  t he  
primary cause of  avocado d e c l i n e  i n  many p a r t s  of t h e  world,  and of 
euca lyp t  dieback i n  A u s t r a l i a .  ( i )  The fungus was i n t i m a t e l y  a s -  
s o c i a t e d  with t h e  d i seased  t r e e s  (18, 23,  47, 75, 76, 77, 80) .  
C randa l l  (18) was a b l e  t o  i s o l a t e  t h e  fungus from 97% of  t h e  r o o t l e t s  
of  d i seased  avocado t r e e s  du r ing  t h e  wet season,  wh i l e  i n  A u s t r a l i a  
t h e  fungus was c o n s i s t e n t l y  i s o l a t e d  from d iseased  f o r e s t s  and had never 
been i s o l a t e d  from h e a l t h y  f o r e s t s  (47, 75, 76, 77, 80) .  ( i i )  Koch's 
p o s t u l a t e s  had been s a t i s f i e d  under f i e l d  cond i t i ons  and t y p i c a l  
dieback symptoms were produced on p rev ious ly  h e a l t h y  t r e e s  a f t e r  pure  
c u l t u r e  i nocu la t i on  (58, 89) .  ( i i i )  Spread of d i s e a s e  was a s s o c i a t e d  
wi th  i r r i g a t i o n  water  movement i n  t h e  ca se  of avocado d e c l i n e  ( 4 ) ,  and 
wi th  road making a c t i v i t i e s  and presence of  d ra inage  channel i n  t he  
c a s e  of  euca lyp t  dieback (77, 78, 80) .  ( i v )  Diseased symptoms d i s -  
appeared when t h e  d i s e a s e  a r e a s  were t r e a t e d  wi th  fung ic ides  (76,  77, 
84).  
Resu l t s  of t h i s  s tudy  wi th  avocado d e c l i n e  a l s o  showed t h a t  - P .  
cinnamomi was i s o l a t e d  from 97% of t h e  d e c l i n i n g  avocado t r e e s ,  and 
t h a t  t h e r e  was a  good c o r r e l a t i o n  between the  percentage of r o o t s  from 
which t h e  fungus was i s o l a t e d  and t h e  s e v e r i t y  of  t r e e  dec l ine .  I n  
a d d i t i o n ,  t he  popula t ion  of t h e  fungus i n  s o i l s  c o l l e c t e d  from t h e  
r o o t  zone of  d e c l i n i n g  t r e e s  was s i g n i f i c a n t l y  h igher  than t h a t  c o l -  
l e c t e d  from t h e  h e a l t h y  t r e e s .  
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The a s s o c i a t i o n  of P. cinnamomi t o  l i t t l e l e a f  d i s e a s e  of p ine  has 
been ex tens ive ly  s tud ied .  The fungus was pathogenic t o  r o o t l e t s  of 
both P. r a d i a t a  and P. ech ina t a  and was de tec ted  i n  s o i l  under both 
d e c l i n e  and h e a l t h y  a r e a s  (7 ,  8 ,  9 ,  28, 54) .  Although P. cinnamomi was 
i s o l a t e d  more f r equen t ly  from s o i l  under d iseased  t r e e s  than h e a l t h y  
t r e e s ,  t h e r e  was no c o r r e l a t i o n  between t h e  popula t ion  of t h i s  fungus 
i n  s o i l  and t h e  s e v e r i t y  of t he  d i s e a s e  (9,  54,  56) .  Phytophthora 
cinnamomi was i s o l a t e d  from only  2% of  t he  roo t s  of d i seased  t r e e s  i n  
t h e  United S t a t e s  ( 9 ) ,  and from 1 out  of 258 p ine  t r e e s  showing 
symptoms of l i t t l e l e a f  i n  A u s t r a l i a  (20) .  Jehne (28) showed t h a t  t h e  
frequency of i s o l a t i o n  of  P. cinnamomi from dead p ine  t r e e s  was no t  
s i g n i f i c a n t l y  d i f f e r e n t  from t h a t  ob ta ined  from h e a l t h y  t r e e s  i n  both 
h e a l t h y  and d e c l i n e  a r e a s .  Therefore,  t he  lack  of a s s o c i a t i o n  between 
P.  cinnamomi and l i t t l e l e a f  d i s e a s e  of p ine  sugges ts  a  s i m i l a r i t y  t o  
- 
oh ia  dec l ine .  Another s i m i l a r i t y  between ohia  d e c l i n e  and l i t t l e l e a f  
of p ine  i s  t h a t  symptoms of both d i seasea  a r i s e  from a  de f i c i ency  i n  
t h e  t r e e  of i no rgan ic  n u t r i e n t s .  L i t t l e l e a f  symptoms were r e l i e v e d  by 
a p p l i c a t i o n  of n i t r o g e n  f e r t i l i z e r  i n  t h e  United S t a t e s  (66,  67) and 
superphosphate i n  New Zealand ( 1 ,  14, 81 ) ,  whi le  dieback symptoms of 
oh ia  were a l l e v i a t e d  by t reatment  wi th  complete 
SUMMARY 
The popula t ion  of P. cinnamomi i n  s o i l s  and 
f e r t i l i z e r  (32) .  
t h e  percentage of 
oh ia  r o o t l e t s  i n f e s t e d  wi th  t h i s  fungus were determined a t  four  l o -  
c a t i o n s ,  each wi th  h e a l t h y  and d e c l i n e  ohia  f o r e s t s  l oca t ed  c l o s e  
toge the r .  Twenty s o i l  samples, each combined from f i v e  subsamples, 
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were collected from each area and the population was determined using 
the combination of wet sieving and selective medium. Phytophthora 
cinnamomi was detected in 29% of soil samples collected from decline 
areas and 34% from healthy areas. Average populations of the fungus 
in healthy areas (0.1-1.7 propagules/g of soil) were not significantly 
different from that in decline areas (0.1-2.2 propaguleslg of soil). 
Results of inoculation trials showed that infection potential of P. 
cinnamomi in soils collected from decline and healthy areas was about 
the same, except at one location where the infection potential was 
higher in healthy than decline soils. 
Root samples were collected from 20 trees from each area and 100 
rootlet segments per sample tree were plated on selective medium after 
overnight washing in running tap water and surface sterilization. 
The percentage of declining trees infested with - P. cinnamomi was not 
significantly different from that of healthy trees, except at one 
location where healthy trees had a higher percentage of rootlets in- 
fested with this fungus than had the declining trees. About 37% of 
declining trees and 37% of healthy trees had rootlets infested with 
P. cinnamomi. Also, there was no correlation between percentage of 
- 
rootlet segments infested with - P. cinnamomi and severity of tree 
decline. Declining trees had an average of 5.2% of rootlets with - P. 
cinnamomi, while healthy trees had 9.4% with this fungus. Results of 
soil and root isolation indicate that - P. cinnamomi is not the major 
cause of ohia decline. 
By contrast, results concerned with avocado decline, caused by 
P. cinnamomi, showed that the population of P. cinnamomi in soil 
- - 
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c o l l e c t e d  £ram the  r o o t  zone of dec l in ing  t r e e s  was s i g n i f i c a n t l y  h igher  
than t h a t  c o l l e c t e d  from hea l thy  t r e e s .  The fungus was i s o l a t e d  from 
97% of t h e  dec l in ing  t r e e s .  Moreover, t h e  s e v e r i t y  of t r e e  dec l ine  was 
d i r e c t l y  c o r r e l a t e d  wi th  t h e  percentage of roo t s  i n f e s t e d  with P. 
cinnamomi. Decl ining t r e e s  had an  average of 29.2% of r o o t  segments 
i n f e s t e d  wi th  g. cinnamomi whi le  h e a l t h y  t r e e s  had only  8.7% with t h i s  
fungus. 
CHAPTER I1 
BIOLOGY OF PHYTOPHTHORA CINNAMOMI I N  SOIL 
LITERATURE REVIEW 
Biolony of P h v t o ~ h t h o r a  Spec ies  i n  S o i l  i n  General 
I n f e c t i o n  p o t e n t i a l  -- Zoospores gene ra l l y  have been considered t o  
be t h e  most e f f e c t i v e  form of inoculum of Phytophthora f o r  i n f e c t i o n  of 
hos t  p l a n t s  (26). They a r e  m o t i l e  and capable  of o r i e n t e d  movement 
toward p l a n t  r o o t s .  K l i e junas  and KO (31) showed t h a t  m o t i l e  zoospores 
of - P. palmivora were much more e f f e c t i v e  i n  k i l l i n g  papaya s e e d l i n g s  
than nonmotile zoospores,  t hus  demonstrat ing t h e  importance of m o t i l i t y  
and t a c t i c  response of zoospores i n  d i s e a s e  development. However, when 
i n f e c t i o n  p o t e n t i a l  of zoospores was compared wi th  t h a t  of sporangia  and 
chlamydospores a t  t h e  same inoculum d e n s i t y ,  zoospores were t h e  l e a s t  
i n f e c t i v e  among t h e s e  t h r e e  types  of spo re s  ( 3 6 ) .  Simi l a r  r e s u l t s  were 
ob ta ined  by Ramirez and M i t c h e l l  (62) who showed t h a t  a much h ighe r  con- 
c e n t r a t i o n  of zoospores t han  chlamydospores of - P. palmivora was needed 
t o  induce t h e  same amount of d i s e a s e  on papaya s e e d l i n g s .  Comparison of 
i n f e c t i o n  p o t e n t i a l  among d i f f e r e n t  spo re  types  of o t h e r  Phytophthora 
spp. have n o t  been made. 
Coloniza t ion  p o t e n t i a l  -- L i t t l e  in format ion  regard ing  c o l o n i z a t i o n  
of o rgan ic  mat te r  by Phytophthora spp. i n  s o i l  have been publ i shed .  
Zentmyer and Mirce t ich  (88) showed t h a t  - P. cinnamomi was a b l e  t o  
co lon ize  o rgan ic  m a t t e r  i n  n a t u r a l  s o i l  e s p e c i a l l y  under cond i t i ons  of 
h igh  s o i l  moisture .  I n f e c t i o n  p o t e n t i a l  of - P. palmivora was i nc reased  
when f i e l d  s o i l  was amended wi th  papaya t i s s u e s  (70) and popula t ion  of 
P. p a r a s i t i c a  i n  s o i l  was a l s o  i nc reased  when o rgan ic  ma t t e r  was added 
- 
(27) t hus  i n d i c a t i n g  t h e i r  a b i l i t y  t o  co lon ize  o rgan ic  ma t t e r  i n  s o i l .  
KO and Chan (36) r epo r t ed  t h a t  among t h e  t h r e e  spore  types  of P. 
- 
palmivora s t u d i e d ,  sporangia  were t h e  most e f f e c t i v e  i n  co lon iz ing  dead 
papaya stems, whi le  t h e  co lon iza t ion  p o t e n t i a l  of zoospores and 
chlamydospores was about t h e  same. 
Su rv iva l  i n  s o i l  -- Phytophthora d r e c h s l e r i  formed chlamydospores 
i n  t h e  r o o t s  of s e v e r a l  common weed s p e c i e s  a r t i f i c i a l l y  i nocu la t ed  
wi th  t h e  fungus (17) ,  sugges t ing  t h a t  t h e  fungus may be a b l e  t o  su rv ive  
i n  t h e  absence of h o s t p l a n t s  by p a r a s i t i z i n g  r o o t s  of nonhost p l a n t s  i n  
t h e  same a rea .  However, p resence  of nonhosts  d i d  no t  have b e n e f i c i a l  
e f f e c t s  on t h e  s u r v i v a l  of - P. p a r a s i t i c a  and - P.  megasperma (21, 61) .  
I n  t h e  absence of h o s t s ,  most s p e c i e s  of Phytophthora u s u a l l y  su rv ive  
i n  s o i l  a s  dormant spores .  Among t h e  f o u r  spo re  types  produced by 
members of Phytophthora,  chlamydospores and oospores have been con- 
s i d e r e d  a s  t h e  main s u r v i v a l  s t r u c t u r e s .  S t u d i e s  on s o i l  i s o l a t i o n  have 
shown t h a t  co lon ie s  of - P. p a r a s i t i c a  and - P. cinnamomi on t h e  p l a t e s  
f r equen t ly  o r i g i n a t e d  from chlamydospores (24, 2 7 ) .  Chlamydospores a l s o  
have been recognized i n  a  number of o t h e r  s p e c i e s  i nc lud ing  P. a recae ,  
P. boehmeriae, P .  cactorum, P. c i t r o p h t h r o a ,  P. co locas i ae ,  P. 
- - - - 
d r e c h s l e r i ,  - P. palmivora,  and - P.  sy r ingae  (16, 7 4 ) .  Long term s u r v i v a l  
of oospores  of - P. cactorum and P.  megasperma i n  s o i l  has  been demon- 
- 
s t r a t e d  by Sneh and McIntosh (68) and Legge (41) ,  r e s p e c t i v e l y .  Zoo- 
spo re s  of P. cactorum, P. d r e c h s l e r i  and P. megasperma became non- 
- - - 
d e t e c t a b l e  w i t h i n  a  s h o r t  pe r iod  of t ime i n  s o i l  (49, 50). However, 
zoospores of P. palmivora remained v i a b l e  f o r  a t  l e a s t  6  months i n  
- 
s o i l  (72) .  Although sporangia  of P .  cactorum were no t  a b l e  t o  su rv ive  
- 
i n  s o i l  (2 ,  68), sporangia  of P. palmivora remained v i a b l e  i n  s o i l  f o r  
2  yea r s  (72)  and sporangia  of P. p a r a s i t i c a  were a l s o  found i n  n a t u r a l  
- 
s o i l  (27) .  
Biolopy of Phytophthora cinnamomi i n  S o i l  
The behaviour  of P. cinnamomi i n  s o i l  is  b a s i c a l l y  s i m i l a r  t o  t h a t  
- 
of o t h e r  Phytophthora spp. de sc r ibed  above. Zentmyer and Mirce t ich  (88) 
found t h a t  - P. cinnamomi was s t i l l  d e t e c t a b l e  a f t e r  6 yea r s  i n  n a t u r a l l y  
i n f e s t e d  s o i l  a t  20 C .  However, Kuhlman (38) r epo r t ed  t h a t  19 months 
was t h e  maximum s u r v i v a l  pe r iod  i n  f o r e s t  s o i l  of Oregon a t  outdoor 
cond i t i ons .  I n  both papers ,  low s o i l  mois ture  was s t a t e d  t o  be  d e t r i -  . 
mental t o  s u r v i v a l  of t h i s  fungus. Su rv iva l  of - P.  cinnamomi i n  s o i l  
under s a t u r a t e d  cond i t i ons  is  n o t  known. 
Phytophthora cinnamomi was found t o  be of widespread occur rence  i n  
oh i a  f o r e s t s  on t h e  i s l a n d  of  Hawaii and was i s o l a t e d  from r o o t s  of both 
endemic and in t roduced  p l a n t  s p e c i e s  i n  22 d i f f e r e n t  f a m i l i e s  (3 ,  34, 
35). I t  has  been shown t o  be  r e a d i l y  t r a n s p o r t e d  from p l a c e  t o  p l ace  
by water  movement o r  any a c t i v i t y  i nvo lv ing  s o i l  t r a n s p o r t a t i o n  (35, 
55).  However, i t  is  s t i l l  n o t  known how t h e  fungus e s t a b l i s h e s  i t s e l f  
i n  t h e  new a r e a s  a f t e r  be ing  d i spe r sed .  The fungus may e s t a b l i s h  i t s e l f  
i n  t h e  new a r e a s  through h o s t  i n f e c t i o n ,  s u b s t r a t e  c o l o n i z a t i o n ,  o r  e x i s t  
i n  t h e  form of dormant spo re s .  
Of t h e  fou r  spo re  types  produced by - P. cinnamomi, chlamydospores 
were f r equen t ly  found a s  t h e  o r i g i n s  of - P. cinnamomi co lon ie s  on s o i l  
i s o l a t i o n  p l a t e s  (24, 35, 45) .  Resu l t s  of t h e s e  s t u d i e s  sugges t  t h a t  
chlamydospores a r e  t h e  primary s u r v i v a l  s t r u c t u r e  i n  s o i l .  Since high 
35 
s o i l  mois ture  has  always been a s s o c i a t e d  wi th  r o o t  r o t  caused by P. 
- 
cinnamomi (18, 71, 73, 86, 87) and t h e  fungus produces zoospores under 
w e t  s o i l  cond i t i ons ,  zoospores a r e  considered t h e  primary i n f e c t i o n  
u n i t .  They a r e  mo t i l e  and capable  of o r i e n t e d  movement toward p l a n t  
roo t s .  Oospores of - P. cinnamomi have a l s o  been found i n  d i s ea sed  r o o t  
t i s s u e s  (51) ,  bu t  t h e  r o l e  of oospores  i n  t h e  l i f e  cyc l e  of t h i s  fungus 
is  no t  understood. Since oospores  a r e  produced only  i n  t h e  presence  of 
both mating types  o r  under s p e c i a l  cond i t i ons  (5,  60, 65) ,  t h e i r  popu- 
l a t i o n  i n  s o i l  i s  probably extremely low i n  comparison wi th  t h a t  of 
chlamydospores. Reeves (63) showed t h a t  when bu r i ed  i n  s o i l ,  mycel ia  
of - P. cinnamomi were a b l e  t o  produce sporangia ,  chlamydospores, o r  
less commonly oospores.  Therefore ,  mycelia may a l s o  c o n t r i b u t e  i n d i r e c t l y  
t o  t h e  long term s u r v i v a l  of t h i s  fungus i n  s o i l .  
Reports  regard ing  t h e  s ap rophy t i c  a b i l i t y  of - P. cinnamomi a r e  no t  
c o n s i s t e n t .  By showing t h a t  - P. cinnamomi w a s  capable  of invading  wheat 
s t r aw  and dead avocado r o o t s  i n  n a t u r a l  s o i l ,  Zentmyer and Mi rce t i ch  
(88) cons idered  - P.  cinnamomi t o  be a  good saprophyte .  However, 
Kuhlman (38) regarded P. cinnamomi a s  a  poor saprophyte  because he  
found t h a t  t h i s  fungus was a b l e  t o  co lon ize  Douglas-fir  twigs on ly  a t  
h igh  inoculum dens i ty .  A f t e r  t h e  dea th  of f o r e s t  t r e e s ,  popu la t i ons  of 
P. connamomi i n  s o i l s  decreased cons iderab ly  (46, 54, 79) ,  t hus  i n d i -  
- 
eating t h e  requirement of hos t  r o o t s  f o r  s u r v i v a l  of t h i s  fungus i n  t h e  
f o r e s t  s o i l .  
I n  t h i s  s t udy ,  p e r s i s t e n c e  of zoospores ,  sporangia ,  and chlamydo- 
spo re s  of - P.  cinnamomi i n  moist  and submerged s o i l s  was compared. Also, 
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t h e  a b i l i t y  of m o t i l e  zoospores ,  encysted zoospores,  and chlamydospores 
t o  induce d i s e a s e  and t o  co lon ize  s u b s t r a t e s  i n  s o i l  were s t u d i e d .  
MATERIALS AND METHODS 
Prepa ra t i on  of Fungal Propagules  
Phytophthora cinnamomi (58F) ob ta ined  from an oh ia  r o o t l e t  was 
maintained on vege t ab l e  j u i c e  a g a r  (per  l i t e r :  V-8 j u i c e ,  200 ml; 
CaC03, 2  g; a g a r ,  20 g) a t  24 C wi th  continuous f l u o r e s c e n t  l i g h t .  Ten 
t o  15 aga r  d i s c s  (6 mrn i n  d iameter )  from a 2- t o  3-day-old c u l t u r e  of 
P. cinnamomi growing on 20% V-8 aga r  were t r a n s f e r r e d  t o  a  s t e r i l i z e d  
- 
d i s c  of washed, uncoated ce l lophane  (90 mm i n  diameter)  l a i d  on t h e  
same medium. A f t e r  i ncuba t ing  f o r  24 h r  a t  24 C,  t h e  cel lophane mem- 
brane con ta in ing  t h e  mycel ia  was removed from t h e  medium and p laced  i n  
a  p e t r i  d i s h  i n t o  which about  25 m l  of 5% V-8 j u i c e  browth (pe r  l i t e r :  
V-8 j u i c e ,  50 m l ;  CaC03, 2  g) were added. The V-8 j u i c e  b ro th  was 
cen t r i fuged  a t  1 ,500  rpm f o r  5 min be fo re  use.  Abundant young mycelia 
were produced on t h e  ce l lophane  a f t e r  24 h r .  The b r o t h  was dra ined  
from t h e  p e t r i  d i s h ,  and mycel ia  on the  ce l lophane  were r i n s e d  wi th  
20 m l  of minera l  s o l u t i o n  of Chen and Zentmyer (12).  The mycel ia  were 
r i n s e d  aga in  w i th  t h e  same s o l u t i o n  immediately and incubated i n  20 m l  
of minera l  s o l u t i o n  a t  24 C w i t h  cont inuous f l u o r e s c e n t  l i g h t .  Mycelia 
s t a r t e d  t o  produce sporangia  a f t e r  9  h r ,  a t  which time t h e  minera l  
s o l u t i o n  was dra ined  t o  prevent  premature r e l e a s e  of zoospores from 
t h e  sporangia .  Abundant sporangia  were produced a f t e r  12 h r  more i n  
moist  cond i t i ons ,  mostly a t  t h e  margin of each mycel ia l  mat. Sporangia l  
suspension was ob ta ined  by sp ray ing  t h e  myce l i a l  mats wi th  d i s t i l l e d  
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water  by means of an a t o m i z e r  . For r e l e a s e  of zoospores,  p l a t e s  were 
washed t h r e e  t imes w i t h  s ter i le  d i s t i l l e d  wa te r ,  c h i l l e d  a t  5 C f o r  
20 min, and then re turned  t o  24 C. Most zoospores were r e l e a s e d  w i t h i n  
1 h r  a f t e r  c h i l l i n g .  Encysted zoospore suspension was ob ta ined  by 
a g i t a t i n g  m o t i l e  zoospore suspension i n  a test  tube  f o r  1.0-1.5 min 
wi th  Vortex Mixer. 
A f t e r  t h e  zoospore suspension was dra ined ,  t h e  p l a t e  was f u r t h e r  
incubated under t h e  same cond i t i ons .  Abundant mature chlamydospores 
were produced w i t h i n  one week. Agar p i e c e s  i n  t h e  c e n t e r  of each 
colony were removed be fo re  myce l i a l  mats were scraped o f f  t h e  c e l l o -  
phane wi th  a s p a t u l a .  Mycel ia l  mats i n  d i s t i l l e d  water  were t r i t u r a t e d  
i n  an Omni-Mixer chamber a t  4,500 rpm f o r  3 min. The r e s u l t a n t  sus -  
pension was passed through a 105 p s i e v e  which r e t a i n e d  t h e  l a r g e r  
myce l i a l  fragments.  Chlamydospores were f u r t h e r  s epa ra t ed  from sma l l  
myce l i a l  fragments by sed imenta t ion  i n  a 150-ml beaker  two t o  t h r e e  
times. Most myce l i a l  fragments were e l imina t ed  from t h e  suspens ion  
a f t e r  t h i s  t rea tment .  Chlamydospore suspension conta ined  about 4% of 
pyriform spo re s  which d id  no t  r e l e a s e  zoospores even wi th  cold t r e a t -  
ment. Concent ra t ion  of spo re  suspensions was determined by t h e  
microsyringe method ( 3 7 ) .  
Surv iva l  of Phytophthora cinnamomi i n  S o i l  
P e r s i s t e n c e  of zoospores,  sporangia ,  and chlamyd added t o  
s o i l  -- F i f t y  m l  of zoospore and spo rang ia l  suspens ion  a t  concentra-  
-
t i o n s  of 2.6 x 106/ml and 1 . 2  x 103/ml, r e s p e c t i v e l y ,  were s e p a r a t e l y  
mixed wi th  400 g of a i r -d ry  s o i l  (a c l ay  loam). Af t e r  mixing 
3 8 
thoroughly, half of each soil placed in a 400-ml beaker was adjusted to 
moist conditions (60% soil moisture on an oven dry weight basis), and 
another half was brought to submerged conditions (200 g soil/50 ml 
water). Studies of survival of chlamydospores in moist and submerged 
soils were conducted separately. Twenty-five ml of chlamydospore 
suspension at concentration of 1.2 x 103-3.2 x 103/mI. was added to 
200 g of air-dry soil adjusted to either moist or submerged conditions 
as described above. All the soils were stored in a moist chamber fol- 
lowing adjustment to the appropriate moisture level. At various time 
intervals, 5 g of soil was removed and the population of each propagule 
in soil was determined by plating the diluted soil suspension on 
selective medium. Two replicates with five plates per replicate were 
used. 
Naturally infested soil -- The soil used in this study was col- 
lected from the root zone of a declining avocado tree. After larger 
rocks and undecomposed organic matters were removed, 500 g of soil 
placed in a beaker was added with water to submerged conditions, while 
another 500 g was adjusted to moist conditions. At various time 
intervals during a period of one year at 24 C, 30 g of soil was removed 
and the population of P. cinnamomi in each soil was determined by the 
method of wet sieving and selective medium. 
Survival of Phytophthora cinnamomi in Root Tissue 
Avocado - -  Root sample was collected from a severely declining 
avocado tree, After washing in running tap water for 1 hr, root 
segments 1 cm long and 3-10 mm in diameter were cut and buried in soil 
ad jus t ed  t o  60% moisture l e v e l  and he ld  a t  24 C.  A t  va r ious  time 
i n t e r v a l s  dur ing  a  per iod  of one yea r ,  50 segments were removed and 
i s o l a t i o n  of P. cinnamomi from r o o t  t i s s u e  was made by t h e  same method 
a s  p rev ious ly  s t a t e d .  
Ohia -- Ohia roo t  segments, 1 cm long wi th  diameters  of 3-10 mm, 
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were washed i n  running t a p  water  f o r  1 h r ,  and s u r f a c e  s t e r i l i z e d  wi th  
75% a lcoho l  f o r  10 min. To e s t a b l i s h  the  fungus i n  t he  t i s s u e ,  t hese  
r o o t  segments placed i n  p e t r i  d i shes  were inocu la t ed  wi th  20 agar  
d i s c s  per  p e t r i  d i sh  obta ined  from a 4-day-old c u l t u r e  of P_. cinnamomi 
grown on 20% V-8 aga r .  A f t e r  2 weeks of incubat ion  a t  24 C when 
mycelia of t h e  fungus had covered t h e  su r f ace  of r o o t  t i s s u e s ,  r o o t  
segments were removed and bur ied  i n  s o i l  and a d j u s t e d  t o  moist  condi-  
t i o n s .  The percentage of r o o t  segments wi th  P. cinnamomi was d e t e r -  
mined a t  va r ious  t i m e  i n t e r v a l s  i n  a  one-year per iod .  
Nature of Propanules Recovered from S o i l  
Two avocado f i e l d  s o i l s  and two ohia  f o r e s t  s o i l s  known t o  have 
high popula t ion  of P_. cinnamomi were processed through t h e  same pro-  
cedure a s  t h a t  used i n  determining - P.  cinnamomi popula t ion  i n  s o i l .  
Both f i l t r a t e  and t h e  m a t e r i a l s  r e t a i n e d  on the  s i e v e  were p l a t e d  on 
the  s e l e c t i v e  medium, and 10 p l a t e s  each were used f o r  each s o i l  
sample. A f t e r  36 h r  of incubat ion  a t  24 C ,  p l a t e s  were washed g e n t l y  
f r e e  from s o i l  p a r t i c l e s  wi th  running t a p  water .  Each colony of P. 
cinnamomi on t h e  p l a t e  was marked on t h e  bottom of t he  p e t r i  d i s h  
under a  d i s s e c t i n g  microscope. The o r i g i n  of each colony was examined 
under a  microscope a t  100 X .  Whenever p ieces  of organic  ma t t e r  were 
40 
recognized a s  t h e  o r i g i n  of co lon ie s ,  they were removed wi th  a  need le  t o  
a  g l a s s  s l i d e ,  p ressed  under t h e  cover g l a s s ,  and examined f o r  t h e  pre- 
sence  of funga l  propagules .  
I n f e c t i o n  P o t e n t i a l  of Mot i le  Zoospores, Encysted Zoospores, and 
Chlamy dospores 
Ohia seeds  were sowed on a  l a y e r  of mica pea t  (about  3 mm t h i c k )  
l a i d  on t h e  s u r f a c e  of 200 g of s o i l  i n  a  p l a s t i c  t r a y  (12 x 12 x 2.5 cm). 
Seedl ings  were thinned t o  70 per  pot  3 weeks a f t e r  sowing. Inocula- 
t i o n s  were made 3 months a f t e r  sowing when oh ia  s e e d l i n g s  had 4-6 l eaves  
and were about 1 cm i n  he igh t .  T h i r t y  m l  of propagule  suspension was 
evenly d i s t r i b u t e d  over  t h e  s o i l  s u r f a c e  i n  each pot  by us ing  a  d i s -  
posable  p i p e t t e .  A l l  s eed l ings  were f looded wi th  water  f o r  24 h r  f o l -  
lowing t rea tment  and then  watered once d a i l y .  Each t rea tment  was 
r e p l i c a t e d  twice and t h e  experiment was repea ted  once. During a  pe r iod  
of one month t h e  number of oh i a  s e e d l i n g s  k i l l e d  i n  each pot was re-  
corded. 
Coloniza t ion  P o t e n t i a l  of Mot i le  Zoospores, Encysted Zoospores, and 
Chlamydospores 
T h i r t y  m l  of propagule suspension was mixed wi th  200 g of s o i l  i n  
a  500-ml beaker .  The s o i l  mois ture  was ad jus t ed  t o  near  s a t u r a t i o n  
(70% on an oven dry weight b a s i s ) .  One hundred stem segments (1.5 cm 
long and about 2 rmn i n  diameter)  ob ta ined  from young shoo t s  of o h i a  
trees were d r i e d  i n  an oven a t  65 C overn ight ,  and bu r i ed  i n  t h e  in-  
f e s t e d  s o i l .  A f t e r  one week of incuba t ion  a t  24 C ,  50 segments were 
romoved from s o i l ,  waahed in r u n n i n g  tap water f o r  2 hr, s u r f a c e  
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s t e r i l i z e d  i n  0.5% NaOCl f o r  30 s e c ,  r i n s e d  once i n  s t e r i l i z e d  d i s t i l l e d  
wa te r ,  and p laced  on s e l e c t i v e  medium. The number of segments con ta in ing  
P. cinnamomi was recorded.  The experiment was r epea t ed  once. 
- 
RESULTS 
Surv iva l  of Phytophthora cinnamomi i n  S o i l  
P e r s i s t e n c e  of zoospores ,  sporangia ,  and chlamydospores added t o  
s o i l  -- Among t h e  t h r e e  spo re  t ypes  of P. cinnamomi t e s t e d ,  chlamydo- 
- - 
spo re s  were t h e  most p e r s i s t e n t  i n  s o i l ,  sporangia  were i n t e rmed ia t e ,  
whi le  zoospores were t h e  l e a s t  p e r s i s t e n t  (Figs .  7 ,  8 ) .  The popula t ion  
of chlamydospores decreased t o  an unde t ec t ab l e  l e v e l  a f t e r  one year  
under moist  cond i t i ons ,  and 3 months under submerged cond i t i ons .  
Sporangia and zoospores were n o t  recovered from both moist  and sub- 
merged s o i l s  a f t e r  2  months and 3 weeks, r e s p e c t i v e l y .  
To test i f  sporangia  r e l e a s e d  zoospores i n  s o i l ,  10  g of s o i l  used 
i n  t h e  s u r v i v a l  s t udy  was removed, and t h e  popula t ion  of zoospores i n  
s o i l  was determined by t h e  fo l lowing  method. S o i l  suspension was passed 
through a  38 y s i e v e  which r e t a i n e d  sporangia  wh i l e  allowed zoospores 
t o  pas s  through. The f i l t r a t e  was incubated on t h e  s e l e c t i v e  medium, 
and t h e  number of c o l o n i e s  of - P. cinnamomi t h a t  o r i g i n a t e d  from zoo- 
spo re s  on t h e  i s o l a t i o n  p l a t e s  was counted 36 h r  a f t e r  incuba t ion .  
Over a  2-week pe r iod  a f t e r  sporangia  were added t o  t h e  s o i l ,  zoo- 
spo re s  were recovered from both moist  (Fig.  9) and submerged s o i l s  
( F i g .  1 0 ) .  Af t e r  i ncuba t ion  f o r  one day, t h e  r a t i o  of zoospores t o  
sporangia  was about 4 and 1 i n  submerged and moist  s o i l s ,  r e s p e c t i v e l y .  
The popula t ion  of zoospores  reached t h e  maximal l e v e l  on t h e  f o u r t h  day 
-c---c Cl i  LAfiIY DOSPORES 
- S P O R A N G I A  
-z-z-~ ZOOSFORES 
I I I I I I I 
0 1 2 3 4 5 6 I= 
M O N T H S  OF  I N C U B A T I O N  
Fig, 7. Persistence of chlamydospores, sporangia, and zoo- 
spores of Phytophthora cinnamomi in moist soil at 
24 C. 
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F i g .  8. P e r s i s t e n c e  of chlamydospores, sporangia,  
and zoospores of Phytophthora cinnamomi i n  
submerged s o i l  a t  24 C. 
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Fig .  9 .  Recovery of zoospores and sporangia  
from moist  s o i l  a t  va r ious  per iods  
fo l lowing  a d d i t i o n  of  sporangia  t o  
s o i l .  
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Fig. 10. Recovery of zoospores and sporangia from 
submerged soil at various periods follow- 
ing addition of sporangia to soil. 
i n  bo th  s o i l s ,  and then  decreased  r a p i d l y  t o  an unde t ec t ab l e  l e v e l  a f t e r  
2 weeks. Sporangia were s t i l l  recoverab le  from both s o i l s  a f t e r  2  weeks. 
I n  both s o i l s  t h e  popula t ion  of  sporangia  decreased t o  an unde t ec t ab l e  
l e v e l  a f t e r  8  weeks. 
Na tu ra l l y  i n f e s t e d  s o i l  -- I n  n a t u r a l l y  i n f e s t e d  s o i l ,  - P. 
cinnamomi a l s o  surv ived  b e t t e r  under moist  than  submerged cond i t i ons .  
During t h e  12-month pe r iod  t h e  popula t ion  of - P. cinnamomi decreased only 
from 14 .3  t o  8.0 propagules/g of s o i l  under moist  cond i t i ons ,  bu t  from 
14.3 t o  0 .6  propagules/g of s o i l  under submerged cond i t i ons  (Fig.  11 ) .  
Popula t ion  i n  moist  and submerged o h i a  f o r e s t  s o i l  -- I n  t h i s  
s tudy ,  t h e  popula t ion  of - P. cinnamomi i n  s o i l s  c o l l e c t e d  from moist  and 
submerged a r e a s  i n  t h e  o h i a  f o r e s t  was determined. During t h e  i n v e s t i -  
g a t i o n  on t h e  a s s o c i a t i o n  of t h i s  fungus w i th  oh i a  d e c l i n e ,  a  l a r g e  
a r e a  p a r t i a l l y  submerged i n  s t and ing  water  was noted n e a r  l o c a t i o n  
No. 8 (Fig.  1 ) .  The oh ia  trees i n  t h i s  a r e a  were i n  s e v e r e  dec l ine .  
Twenty submerged s o i l  samples and 20 moist  s o i l  samples of t h e  same 
a r e a  were c o l l e c t e d ,  and t h e  popula t ion  of - P. cinnamomi i n  t h e s e  s o i l s  
was determined by us ing  t h e  combination of w e t  s i e v i n g  and t h e  s e l e c t i v e  
medium a s  prev ious ly  descr ibed .  Phytophthora cinnamomi was de t ec t ed  i n  
70% of t h e  s o i l  samples c o l l e c t e d  from t h e  moist  a r e a ,  wh i l e  i t  was no t  
recovered from any of t h e  s o i l s  c o l l e c t e d  from t h e  submerged a r ea .  The 
popula t ion  of t h i s  fungus i n  t h e  moist  s o i l s  ranged from 1 . 2  t o  4.4 
propagules/g of s o i l .  
Su rv iva l  of Phytophthora cinnamomi i n  Root Tissue  
When r o o t  segments taken  from d e c l i n i n g  avocado t r e e s  were bu r i ed  
i n  moist  s o i l  and he ld  a t  24 C ,  t h e  percentage  of r o o t  segments i n f e s t e d  
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Fig.  11. Surviva l  of Phytophthora cinnamomi i n  n a t u r a l l y  
i n f e s t e d  avocado f i e l d  s o i l  ad jus t ed  t o  moist 
and submerged condi t ions .  
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with  - P. cinnamomi decreased only  s l i g h t l y  over  a  12-month per iod  
(Fig. 12) .  The fungus was recovered from 39% of t h e  roo t  segments im-  
mediately a f t e r  b u r i a l  i n  s o i l ,  and was recovered from 37% a f t e r  incu- 
b a t i o n  f o r  12 months. 
S imi l a r ly ,  when a r t i f i c i a l l y  inocula ted  oh ia  r o o t  segments were 
used t h e  percentage of roo t  segments conta in ing  t h i s  fungus w a s  83% a t  
t h e  beginning, and s t i l l  remained a t  50% a f t e r  12 months i n  s o i l .  
Chlamydospores of - P. cinnamomi were observed i n  both avocado and oh ia  
roo t  t i s s u e s .  
Fac tors  Af fec t ing  t h e  Surv iva l  of Zoospores i n  S o i l  
Zoospores of - P. cinnamomi were very sho r t - l i ved  i n  s o i l  a s  i nd i -  
ca t ed  i n  t h e  above s tudy .  However, when they were added t o  moist s o i l  
mixed wi th  oh ia  stems (2.5 x 10  nun) o r  l eaves ,  they  were a b l e  t o  
co lonize  t h e s e  t i s s u e s  and remained v i a b l e  f o r  a  longer  per iod  of t ime 
i n  s o i l .  Phytophthora cinnamomi w a s  c o n s i s t e n t l y  i s o l a t e d  from stem 
segments and l eaves  f o r  1 yea r  and 9 months, r e spec t ive ly .  Af t e r  
9 months of b u r i a l  i n  s o i l  l e a f  t i s s u e s  were completely decomposed, but  
t h e  fungus i n  t h e  form of f r e e  chlamydospores was s t i l l  recovered from 
s o i l  when t h e  l a s t  i s o l a t i o n  was made a f t e r  1 yea r  of incubat ion .  
When zoospores were added t o  s o i l s  p l an t ed  wi th  oh ia ,  papaya, 
tomato o r  pepper s eed l ings ,  they  were a b l e  t o  i n f e c t  r o o t s  of t h e s e  
/ 
p l a n t s  and thus  extended t h e i r  s u r v i v a l  t ime i n  s o i l .  Within one month 
a f t e r  i nocu la t ion ,  a l l  t h e  oh ia  s eed l ings  were k i l l e d ,  and r o o t s  of 
papaya, tomato, and pepper s e e d l i n g s  were i n f e s t e d  wi th  P. cinnamomi 
without  showing v i s i b l e  symptoms. The fungus was recovered from r o o t s  
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Fig .  12. P e r s i s t e n c e  of Phytophthora cinnamomi i n  d iseased  
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of a l l  t h e  oh i a  s e e d l i n g s ,  and was a l s o  from r o o t s  of 70% of tomato, 11% 
of papaya, and 14% of pepper s e e d l i n g s  a f t e r  1 month. Phytophthora 
cinnamomi produced sporangia  on t h e  roo t  s u r f a c e  and chlamydospores i n  
r o o t  t i s s u e  of oh i a  s eed l ings .  No spores  were observed i n  roo t  t i s s u e s  
of o t h e r  p l a n t  s p e c i e s .  
Nature of Propagules  Recovered from S o i l  
To determine i f  zoospores of - P. cinnamomi were p re sen t  i n  n a t u r a l  
s o i l ,  50 g of s o i l  suspended i n  300 m l  of water  was passed through a  
38 p s i e v e  which permi t ted  t h e  passage of zoospores bu t  n o t  chlamydo- 
spo re s  and sporangia .  M a t e r i a l s  r e t a i n e d  on t h e  s i e v e  and f i l t r a t e  
were p l a t e d  s e p a r a t e l y  on t h e  s e l e c t i v e  medium. Phytophthora 
cinnamomi was recovered only from m a t e r i a l s  r e t a i n e d  on t h e  s i e v e ,  bu t  
n o t  from f i l t r a t e ,  t hus  i n d i c a t i n g  t h a t  - P. cinnamomi zoospores were n o t  
p r e sen t  i n  n a t u r a l  s o i l .  P l a t e s  con ta in ing  m a t e r i a l s  r e t a i n e d  on t h e  
s i e v e  were examined microscopica l ly  t o  determine t h e  o r i g i n  of co lon ie s  
of - P. cinnamomi. Resu l t s  showed t h a t  - P. cinnamomi e x i s t e d  mainly a s  
f r e e  chlamydospores i n  avocado s o i l s  and a s  chlamydospores imbedded i n  
o rgan ic  ma t t e r  i n  oh i a  f o r e s t  s o i l s  (Table 6 ) .  Chlamydospores were 
thin-wal led and appeared e i t h e r  a s  s i n g l e  spore  (Fig.  1 3 ) ,  o r  i n  c l u s t e r s  
of two o r  t h r e e  spo re s  (Fig.  14 ) .  Zoospores were a l s o  observed on t h e  
p l a t e s .  Very o f t e n  s e v e r a l  zoospores were found c l o s e  t oge the r  
(Fig.  1 5 ) ,  and occas iona l ly  empty sporangia  were observed i n  t h e  
v i c i n i t y  of t h e s e  zoospores.  This  suggested t h a t  - P. cinnamomi sporangia  
may be p re sen t  i n  n a t u r a l  s o i l .  I n  pre l iminary  tests, i t  was found 
t h a t  when - P .  cinnamomi sporangia  added t o  s o i l  were suspended i n  water  
(50 g/100 ml) c h i l l e d  a t  5  C f o r  30 min, incubated a t  24 C f o r  1 h r  
Table 6. Nature of propagules of Phytophthora cinnamomi recovered from s o i l  
Source No. of Or ig in  of colony (%) 
o f colonies  Free Organic matter  
s o i l  examined chlamydospore Zoospore Chlamydospore Unknown 
S o i l  A (Ohia) 6 9 9 7 
S o i l  B (Ohia) 3 0  3 0 3 
S o i l  C (Avocado) 100 7 1 0 
S o i l  D (Avocado) 53 60 28 
Cn 
t-' 
F i g .  13. A f r e e  chlamydospore of Phytophthora  
cinnamomi recovered  from o h i a  f o r e s t  s o i l :  
--
A) A f t e r  36 h r  of i n c u b a t i o n  on t h e  s e l e c t i v e  
medium (450 X) ; B )  same a s  (A) a t  1 ,800  X ,  
n o t e  t h e  chlarnydospore i s  th in -wa l led  and 
produces  numerous germ t u b e s .  
F i g .  14.  A c l u s t e r  of  chlamydospores ( C )  of Phytophthora  
cinnamomi w i t h  t h r e e  s p o r e s  s t a y i n g  t o g e t h e r  re- 
covered from n a t u r a l  s o i l  ( 1 , 8 0 0  X ) .  
Fig. 15. Two encysted zoospores (Z) of Phytophthora 
cinnamomi germinating on soil isolation 
plate (1,800 X). 
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and then passed through a 38 p s i e v e ,  zoospores were de t ec t ed  i n  t h e  
f i l t r a t e .  No zoospores were de t ec t ed  i n  t h e  f i l t r a t e  when - P.  cinnamomi 
chlamydospores added t o  s o i l  were s i m i l a r l y  t e s t e d .  By us ing  t h i s  
technique,  zoospores a t  t h e  concent ra t ions  of 10 and 50/g of s o i l  were 
de t ec t ed  i n  t h e  f i l t r a t e  of oh ia  f o r e s t  s o i l  and avocado s o i l ,  res -  
pec t ive ly .  Without c h i l l i n g  t rea tment  no zoospores were de t ec t ed  i n  
t h e  f i l t r a t e  from e i t h e r  s o i l .  These r e s u l t s  f u r t h e r  confirmed t h e  
previous observa t ions  t h a t  sporangia of - P. cinnamomi a l s o  e x i s t e d  i n  
n a t u r a l  s o i l  and t h a t  zoospores r e t a i n e d  on t h e  s i e v e  o r i g i n a t e d  from 
sporangia dur ing  incubat ion .  
To determine whether chlamydospores germinated i n  s o i l ,  3 m l  of 
chlamydospore suspension a t  t h e  concent ra t ion  of 5.0 x 105/ml were 
added t o  10 g of s o i l  placed i n  a smal l  p e t r i  d i s h  (50 x 15  mm). The 
s o i l  was ad jus t ed  t o  e i t h e r  moist  o r  submerged condi t ions  and he ld  a t  
24 C. Percentage of chlamydospore germinat ion was determined under t he  
microscope by suspending 1 g of s o i l  i n  5 m l  of d i s t i l l e d  water .  I n  
submerged s o i l ,  23% of chlamydospores germinated by producing sporangia 
on t h e  t i p s  of germ tubes  a f t e r  1 month of incubat ion .  Most sporangia 
were empty due t o  r e l e a s e  of zoospores under submerged cond i t i ons .  I n  
moist s o i l ,  18% of chlamydospores germinated a f t e r  1 month, b u t  
sporangia  formed under such condi t ions  d id  no t  d i scharge  zoospores 
(Fig. 1 6 ) ,  bu t  many of them discharged zoospores a f t e r  24 h r  incubat ion  
i n  water .  In  one moist s o i l  t o  which 1,900 chlamydospores/g of s o i l  
were added, popula t ion  of zoospores i n  s o i l  determined by us ing  t h e  
combination of c h i l l i n g  t rea tment  and wet s i e v i n g  a s  descr ibed  i n  t he  
above s e c t i o n  is  shown i n  F i g .  1 7 .  Zoospores, r e l ea sed  from sporangia 
Fig. 16. A germinating chlamydospore (C) with a sporangium 
(S) on the tip of germ tube recovered from arti- 
ficially inoculated soil (1,350 X). 
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Fig .  1 7 .  Recovery of  zoospores from mois t  s o i l  a t  va r ious  
pe r iods  a f t e r  a r t i f i c i a l l y  i n f e s t i n g  wi th  chlamydo- 
spores  of Phytophthora cinnamomi. 
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i n  s o i l ,  were c o n s i s t e n t l y  recovered f o r  t h e  f i r s t  5 months of 
incuba t ion .  The popula t ion  of zoospores was a t  t h e  maximum (600 zoo- 
s p o r e s l g  of s o i l )  a f t e r  1 month and dec l ined  g radua l ly  t h e r e a f t e r .  I t  
reached an undetec tab le  l e v e l  a f t e r  f o u r  and a  h a l f  months. The popu- 
l a t i o n  of chlamydospores decreased  from 1,900 t o  50 propagules/g of 
s o i l  dur ing  t h e  same incuba t ion  per iod .  
I n f e c t i o n  P o t e n t i a l  of Mot i le  Zoospores, Encysted Zoospores, and 
Chlamydospores 
Percentages of 3-month-old o h i a  s eed l ings  k i l l e d  by mo t i l e  zoo- 
spo re s ,  encysted zoospores,  and chlamydospores of P. cinnamomi a t  
va r ious  inoculum l e v e l s  were determined a f t e r  1 month. When t h e  
inoculum l e v e l  a t  o r  above 2.5 x 103 propagules lg  of s o i l ,  encysted 
zoospores were t h e  l e a s t  i n f e c t i v e  t o  t h e  o h i a  s eed l ings ,  wh i l e  in-  
f e c t i o n  p o t e n t i a l  of mo t i l e  zoospores  and chlamydospores was about t h e  
same (Table 7 ) .  For i n s t a n c e ,  a t  an inoculum l e v e l  of 2.5 x l o 3  
propagules lg  of s o i l ,  percentages  of oh i a  s e e d l i n g s  k i l l e d  by encysted 
zoospores,  mo t i l e  zoospores,  and chlamydospores were 18 ,  65, and 45%, 
r e s p e c t i v e l y .  A t  inoculum l e v e l s  below 2.5 x 103 propagules lg  of s o i l ,  
however no s i g n i f i c a n t  d i f f e r e n c e  was found among t h e s e  t h r e e  spo re  
types t e s t e d .  
Coloniza t ion  P o t e n t i a l  of Mot i le  Zoospores, Encysted Zoospores, and 
Chlamydospores 
Percentages of dead oh ia  stem segments colonized by mo t i l e  zoo- 
spo re s ,  encysted zoospores,  and chlarnydospores of - P.  cinnamomi a t  
va r ious  inoculum l e v e l s  were determined a f t e r  1 week. Among these  t h r e e  
Table 7. Comparison of infection potential of chlamydospores, 
motile zoospores, and encysted zoospores of 
Phy toph thora cinnamomi 
Infection potential (%)a 
No. propagules 
/g of soil Motile Encysted 
Chlamydospores zoospores zoospores 
aAverage of 70 ohia seedlings per treatment. 
b ~ o t  tested. 
C~eans followed by the same letter in each row are not signifi- 
cantly different at P = 0.05. 
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spo re  types  t e s t e d ,  chlamydospore was t h e  most e f f e c t i v e  i n  co lon iz ing  
oh ia  stems, wh i l e  co lon iza t ion  p o t e n t i a l  of m o t i l e  and encysted zoo- 
spo re s  was about t h e  same (Table  8 ) .  For i n s t a n c e ,  a t  an inoculum 
l e v e l  of 1 x  lo2  propagules lg  of  s o i l ,  t h e  percentages  of oh i a  s t e m  
segments co lonized  by chlarnydospores, m o t i l e  zoospores,  and encysted 
zoospores were 77, 8, and 19%, r e s p e c t i v e l y .  
DISCUSSION 
Phytophthora cinnamomi has  been shown t o  s u r v i v e  6  y e a r s  i n  
avocado f i e l d  s o i l  and 19 months i n  f o r e s t  s o i l  (38, 88) .  Resu l t s  of 
p r e sen t  s t udy  showed t h a t  i n  n a t u r a l  s o i l  - P. cinnamomi e x i s t s  mainly a s  
f r e e  chlamydospores and chlamydospores imbedded i n  o rgan ic  ma t t e r ,  and 
less f r equen t ly  a s  f r e e  sporangia .  Free chlamydospores a s  t h e  o r i g i n s  
of - P. cinnamomi co lon ie s  on s o i l  i s o l a t i o n  p l a t e s  had a l s o  been r epo r t ed  
prev ious ly  (24, 35, 45, 56) .  Although chlamydospores of - P. cinnamomi 
were t h e  most p e r s i s t e n t  among t h e  t h r e e  spore  types  t e s t e d ,  t h e i r  
popula t ion  a l s o  decreased t o  unde t ec t ab l e  l e v e l s  a f t e r  12 months. 
When r o o t  t i s s u e s  n a t u r a l l y  o r  a r t i f i c i a l l y  i n f e s t e d  wi th  - P. cinnamomi 
were incubated i n  s o i l ,  t h e  fungus remained v i a b l e  i n  more than 50% of 
t h e  p i e c e s  a f t e r  12 months, and chlamydospores were observed w i t h i n  t h e  
t i s s u e s .  This  sugges t s  t h a t  chlamydospores imbedded i n  o rgan ic  m a t t e r  
a r e  r e spons ib l e  f o r  long term s u r v i v a l .  Af t e r  decomposition i n  s o i l  of 
l e a f  t i s s u e s  colonized by t h e  fungus, f r e e  chlamydospores were observed 
on s o i l  i s o l a t i o n  p l a t e s ,  i n d i c a t i v e  t h a t  t h e s e  were r e l ea sed  from p l a n t  
t i s s u e .  Resu l t s  of t h i s  s tudy  a l s o  showed t h a t  f r e e  sporangia  i n  s o i l  
Table 8. Comparison of colonization potential of chlamydospores, 
motile zoospores, and encysted zoospores of 
Phytophthora cinnamomi 
Substrate colonization (%)a 
No. propagules 
/ g  of soil Motile Encysted 
Chlamydospores zoospores zoospores 
aAverage of 50 dry ohia stem segments per treatment. 
b~eans followed by the same letter in each row are not signifi- 
cantly different at P = 0.05. 
could o r i g i n a t e  from those  produced on t h e  s u r f a c e  of i n f e c t e d  roo t  
t i s s u e s  o r  from germinat ing chlamydospores. 
Both sporangia and zoospores of P. cinnamomi were r e l a t i v e l y  
sho r t - l i ved  i n  s o i l .  This  is i n  agreement wi th  previous  r e p o r t s  on 
s u r v i v a l  of o t h e r  Phytophthora s p e c i e s  i n  s o i l  (49, 50, 8 2 ) .  The only 
one except ion t o  t h i s  is  t h a t  of P. palmivora r epo r t ed  by Turner ( 7 2 )  
who showed t h a t  zoospores and sporangia  of t h i s  fungus, r e s p e c t i v e l y ,  
remained v i a b l e  f o r  6 months and 2 yea r s  i n  s o i l .  However, he d id  no t  
observe the  exac t  s t r u c t u r e  of t h i s  fungus which survived i n  s o i l .  
Phytophthora cinnamomi zoospores were the  primary s t r u c t u r e  which 
were d ispersed  i n  r a i n  sp l a sh  and runoff water  i n  oh ia  f o r e s t s  ( 3 5 ) .  
I n  t h e  presence of dead t i s s u e ,  P. cinnamomi zoospores were a b l e  t o  
e s t a b l i s h  themselves i n  s o i l  through co lon iza t ion  and product ion of 
chlamydospores i n  p l a n t  t i s s u e .  They were a l s o  a b l e  t o  prolong t h e i r  
s u r v i v a l  by i n f e c t i n g  r o o t s  of bo th  s u s c e p t i b l e  and nonsuscept ib le  
p l a n t s .  This  may account  i n  p a r t  f o r  t h e  widespread occurrence of t h i s  
fungus i n  oh ia  f o r e s t  ( 3 4 )  . 
Both zoospores and chlamydospores of P. cinnamomi were ab l e  t o  
co lon ize  dead t i s s u e s  i n  s o i l .  This  r e s u l t  is  i n  accord with t h a t  of 
Zentmyer and Mirce t ich  ( 8 8 ) ,  b u t  d i sag rees  wi th  t h a t  of Kuhlman ( 3 8 )  
who repor ted  t h a t  dead t i s s u e  i n  s o i l  was r a r e l y  invaded by P. 
cinnamomi. Since - P. cinnamomi grown i n  a  mixture of a l f a l f a  meal and 
sand was used a s  t h e  inoculum by Kuhlman, a c t i v i t y  of t h i s  fungus i n  
s o i l  could have been suppressed by o t h e r  microbia l  a c t i v i t i e s  enhanced 
by a l f a l f a  meal c a r r i e d  along wi th  t h e  inoculum. Zentmyer ( 8 3 )  and 
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Gilpatrick (22) had demonstrated the suppression of avocado root rot 
caused by P. cinnamomi by amendment of soil with alfalfa meal. 
Chlamydospores of - P. cinnamomi are more efficient in colonizing 
dead tissues than zoospores, but their infection potential is no better 
than zoospores. On the other hand, the colonization potential of 
chlamydospores and zoospores of P. palmivora was about the same, but 
chlamydospores of this fungus had higher infection potential than zoo- 
spores ( 3 6 ) .  Like - P .  palmivora (31), motile zoospores of P. cinnamomi 
had higher infection potential than nonmotile zoospores. This further 
indicates the importance of zoospore attraction toward plant roots in 
disease development. 
Among the three spore types of - P. cinnamomi tested, chlamydospores 
were the most persistent in soil, sporangia were intermediate, while 
zoospores were the least persistent. Survival of - P. cinnamomi in soil 
was better under moist than submerged conditions. The population of 
chlamydospores remained detectable for one year in moist soil, while 
only for 3  months in submerged soil. Similarly, over a 12-month period 
the population of - P. cinnamomi in a naturally infested avocado soil de- 
clined faster under submerged than moist conditions. Results of 
survival studies also showed that P. cinnamomi in the root tissue was 
more persistent than as free chlamydospores in soil. Under moist 
conditions, the percentage of root tissues from which the fungus was 
recovered declined only slightly after one year of incubation, while the 
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popula t ion  of chlamydospores i n  s o i l  decreased t o  unde t ec t ab l e  l e v e l  i n  
t h e  same per iod .  
Zoospores were a b l e  t o  co lon ize  dead oh ia  stems and l eaves ,  and t o  
p a r a s i t i z e  r o o t s  of o h i a ,  tomato, papaya, and pepper s eed l ings .  There- 
f o r e ,  s u r v i v a l  t i m e  of zoospores i n  s o i l  can be  extended e i t h e r  through 
s u b s t r a t e  c o l o n i z a t i o n  o r  r o o t  i n f e c t i o n .  
Colonies  of - P. cinnamomi recovered from n a t u r a l  s o i l  o r i g i n a t e d  
mainly from chlamydospores, and occas iona l ly  from zoospores.  Chlamydo- 
spo re s  occurred as f r e e  spo re s  o r  imbedded i n  organic  ma t t e r .  Resu l t s  
of t h i s  s tudy  i n d i c a t e d  t h a t  sporangia  of - P. cinnamomi a l s o  e x i s t e d  i n  
n a t u r a l  s o i l ,  and zoospores found on t h e  i s o l a t i o n  p l a t e s  were r e l e a s e d  
from sporangia  dur ing  incubat ion .  A method of d e t e c t i n g  t h e  presence  
of - P. cinnamomi sporangia  i n  s o i l  was descr ibed .  
Among t h e  t h r e e  spo re  types  of - P. cinnamomi t e s t e d ,  chlamydospores 
were a l s o  t h e  most e f f e c t i v e  i n  co loniz ing  dead oh ia  stems, whi le  
c o l o n i z a t i o n  p o t e n t i a l  of mo t i l e  and encysted zoospores was about t h e  
same. Resu l t s  of t h e  co lon iza t ion  s tudy  sugges t  t h a t  - P. cinnamomi i s  a 
good saprophyte .  The fungus was a b l e  t o  co lon ize  about 52% of oh i a  
stem segments a t  a  popula t ion  a s  low a s  10  chlamydospores/g of s o i l .  
3 A t  inoculum l e v e l  of  2.5 x 10 propagules lg  of s o i l  o r  above, 
encys ted  zoospores were t h e  l e a s t  i n f e c t i v e  t o  o h i a  s e e d l i n g s ,  whi le  
i n f e c t i o n  p o t e n t i a l  of chlamydospores and mo t i l e  zoospores was about 
t h e  same. A t  inoculum l e v e l s  below 2 .5  x  l o 3  propagules lg  of s o i l ,  
however no s i g n i f i c a n t  d i f f e r e n c e  i n  i n f e c t i o n  p o t e n t i a l  was found 
among t h e s e  t h r e e  s p o r e  types  t e s t e d .  
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